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Abstract
Exploration of novel lanthanide fluoride framework materials in inorganic-organic hybrid
systems under solvothermal conditions towards development of new luminescent
materials is discussed. X-ray single crystal and powder diffraction methods have been
used as crystallographic characterisation techniques. Determination and study of
luminescence properties for selected hybrid materials has also been carried out.
The first organically templated luminescent lanthanide fluoride framework, [C2N2H10]0.5
[Ln2F7] (Ln= Nd, Tb, Dy, Ho, Er, Yb and Lu), has been synthesised and characterised.
This structure type consists of a three-dimensional yttrium fluoride framework
incorporating two similar, but crystallographically distinct, yttrium sites.
Photoluminescence studies of [C2N2H10]0.5 [Y2F7]: Ln3+ (Ln3+ = Gd3+, Eu3+ and Tb3+)
have been explored and characteristic luminescence emissions are reported.
An inorganic-organic hybrid indium fluoride and its scandium fluoride analogue,
[C4H14N2][MF5](M=In and Sc) is reported. The structure consists of infinite trans vertex
sharing (InF5)∞ chains, which are linked via H-bonded organic moieties. The scandium
and fluorine local environments of [C4H14N2][ScF5] are characterised by 19F, and 45Sc
solid-state MAS NMR spectroscopies. A single scandium site has been confirmed by 45Sc
MAS NMR. 19F MAS NMR clearly differentiates between bridging and terminal
fluorine. The photoluminescence properties of these complexes, [C4H14N2][In1-xLnxF5]
(Ln=Tb and/or Eu), have been explored. The optimum composition for Eu3+ doped
samples occurs at x = 0.05 Eu3+ and the “asymmetry ratio” of R = I590/I615 (5D0 → 7F2
and 5D0 → 7F1) gives a clear picture of the sensitivity for crystal field of the compound.
For x = 0.08 Tb3+, a strong down-conversion fluorescence corresponding to 5D4 → 7F5
(green at 543.5 nm) occurs. In addition, a Tb3+/Eu3+ co-doped sample exhibits a
combination of green (Tb3+) and orange (Eu3+) luminescence, with Tb3+ enhancing the
emission of Eu3+ in this host.
Exploration of novel indium, aluminium, and zirconium fluoride crystal structures with
potential luminescent properties has also been undertaken. A chiolite-like phase K5In3F14
(space group P4/mnc) has been synthesised. No phase transition occurs over the
temperature range 113K< T< 293 K, as has been seen in other chiolite-like structures. An
organically templated indium fluoride, [NH4]3[C6H21N4]2[In4F21] has been prepared; this
features the trimeric unit [In3F15]3- which appears to be the first of its type in a metal
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fluoride. A new hybrid fluoride, Sr[N2C2H10]2[Al2F12].H2O has been synthesised.
Because the ionic radius of Eu2+ is similar to that of Sr2+ this may be a potential host for
blue luminescent Eu2+. The new material KZrF5.H2O shows pentagonal-bipyramidal
geometry of Zr4+ with a polar space group, Pb21m, which may potentially have
ferroelectric properties.
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1.0 Introduction
The area of “Subcritical Solvothermal Chemistry of Luminescent Lanthanide Fluoride
Frameworks” is discussed in this thesis with its unique characteristics and novelty of
materials. In this Chapter, the origin of the solvothermal concept, the development of
solvothermal chemistry, the importance of inorganic-organic hybrid materials, optical
properties of inorganic materials, and lanthanide fluoride chemistry will be considered.
1.01. Aims of the Research
The exploration of novel inorganic-organic hybrid systems towards new luminescent
materials is the ultimate goal of my research. This thematic issue is mainly concerned with
lanthanide fluoride systems under subcritical solvothermal conditions and using organic
templating agents to direct the formation of a wider range of framework topologies and
lanthanide environments than is possible under high-temperature synthesis conditions.
The crystallographic methods of single crystal X-ray diffraction and powder X-ray diffraction
methods, together with solid state NMR, electron microscopic techniques such as SEM/EDX
and elemental analysis have been used.
The key objectives are determination, investigation, and enhancement of luminescence
properties of these new hybrid materials. These techniques have been initiated by
photoluminescence studies as a function of structure type and dopant level of photoactive
element and achievement of an elementary understanding of the scope for preparation of
novel metal fluorides in these systems. Factors affecting their luminescence properties and
understanding the key mechanisms to improve luminescence properties have been considered.
Radioluminescence (RL), cathodoluminescence (CL) and thermoluminescence (TL) have also
been carried out to explore the luminescence properties of these inorganic-organic hybrid
materials.
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1.02. Hydrothermal Reaction
The hydrothermal technology has been most fashionable, attracting interest from scientists
and technologists of various disciplines. The term “Hydrothermal” originated in geological
sciences. Sir Roderick Murchison (1792-1871), a Scottish geologist, introduced the
terminology of “Hydrothermal” to describe the action of water at elevated temperature and
pressure in bringing about changes in the Earth’s crust leading to the formation of new rocks
and minerals 1. Prior to this explanation, in 1839, “Hydrothermal concept” was used by
German chemist Robert Whilhelm Bunsen for his experiments 2.
Hydrothermal technology has been studied extensively over the last hundred years due to its
potential applications, for example in the synthesis of novel materials for catalysis, gas
storage and separation, and magnetic and optical materials. Table 1.01 represents the
advancement of hydrothermal technology over the last century.
Focus Remarks
1850-1940 Mineral Synthesis
Improvement in Pressure and
Temperature Condition
Lower Growth Rate
Silicate, Carbonate
Geological Interest 3
1940-1970 Phase Diagrams for Natural Mineral
Systems
PVT Diagrams 4
1970-1980 Synthesis of New Inorganic Materials Hydrothermal Synthesis 5
1980-1990 A variety of New Materials Synthesis /
Advanced Materials
Supercritical 6 and Subcritical 7
Hydrothermal Synthesis
1990-2008 Synthesis of Inorganic-Organic Hybrid
Materials 8/Condensed Materials 9 /
Phosphors 10
Solvothermal 11 /Microwave-
assisted 12 /Glycothermal13 /
Ionothermal Synthesis 14
Table 1.01:- The Development of Hydrothermal Technology
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1.03. Solvothermal Chemistry
Hydrothermal technologies have evolved from mineralogy and begun to develop dramatically
in solid state chemistry. Initially, one major weakness was that reactants are reluctant to
dissolve in the reaction medium. A highly soluble transport agent, called a “mineraliser”, was
introduced to increase the solubility 15. A mineraliser is any compound added to the
solvothermal fluid that speeds up its crystallisation. It usually operates by increasing the
solubility of the solute.
The area of “Solvothermal Chemistry” has originated from the concept of hydrothermal
technology. The general sense of “Hydrothermal” is derived from ‘hydros’ and ‘thermos’
(Greek) meaning of “water” and “heat” respectively. The term “Solvothermal” can be
substituted from hydrothermal concept with respect to any type of solvent or solvent mixtures,
rather than water.
Solvothermal chemistry consists of solvothermal synthesis, solvothermal reaction, and
solvothermal technology. The terminologies for solvothermal chemistry have been used for
the last hundred years and the definition of these terminologies has become ambiguous. The
following definitions have been produced:
 “Any heterogeneous chemical reaction in the presence of a solvent above room
temperature and any pressure greater than 1 atm in a closed system”
-K.Byrappa and M. Yshimura-16
 “A chemical reaction (or transformation) between precursor(s) dispersed in a solvent
at a temperature higher than the boiling temperature of this solvent and under high
pressure conditions (pressure can be autogenous pressure corresponding to the
temperature and the filling percentage of the reaction vessel or a higher pressure
through the compression of the solvent before heating)”
-G. Demazeau- 17
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The exploration of novel materials with desired properties and the application of new methods
for specific synthesis is strongly dependent upon the solvothermal mechanism. There are two
main parameters which have been applied to govern the solvothermal reaction process.
 Chemical Factors-
The chemical composition of the target material(s) and the reaction mechanism are directly
governed by the nature of the solvent and the nature of precursor(s) 18. The chemical factors
are considered according to whether they are economically feasible and environmentally
benign.
 Thermodynamic Factors-
The experimental conditions of pressure and temperature are correlated to the reaction
mechanism. Variation of pressure and temperature with respect to the volume of the closed
system would give an image of the physical condition of the solvothermal fluid 4, for example,
Figure 1.01 shows pressure versus temperature with respect to the volume of the
solvothermal fluid in a 30 ml Teflon-lined stainless steel autoclave. The thermal stability,
solubility and properties of precursor(s) and/or solvents, and physico-chemical condition of
sub-critical and/or super-critical conditions can be taken into account towards the driving
force of developing solvothermal reactions.
Chapter One Introduction
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Figure 1.01:- Pressure, Temperature and Volume Diagram of 30 ml Teflon-Lined Stainless
Steel Autoclave 4 [Volume represented as % of reactant mixture of 30 ml Teflon-lined
stainless steel autoclave]
The solvothermal fluid plays a vital role in solvothermal reactions, which is not only to act as
solvent but also as a reactant, pressure transfer medium...etc. Table 1.02 shows the function
of the solvothermal fluid.
Function of
Solvothermal Fluid
Action Application
Transfer Medium Transfer of Kinetic
Energy, Heat and
Pressure
Erosion, Machining
Abrasion
Adsorbate Adsorption / Desorption
at the Surface
Dispersion, Surface Diffusion,
Crystallisation, Sintering
Solvent Dissolution/ Precipitation Synthesis, Growth, Purification,
Extraction
Reactant Reaction Formation / Decomposition
Table 1.02:- The Action of Solvothermal Fluids 1
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According to the physical conditions (temperature and pressure) of the solvent, solvothermal
synthesis can be categorised as subcritical or supercritical solvothermal synthesis (Figure
1.02).
Figure 1.02:- Supercritical and Subcritical conditions 19
 Subcritical Solvothermal Synthesis-
“Subcritical solvothermal synthesis utilizes a solvent under pressure and at temperatures
above its boiling point (water-100 0C - 300 0C) (below the critical point) to increase the
solubility of solid and to speed up the reaction between solids” 20
Most single crystal syntheses which were reported have been carried out in a Teflon-lined
stainless steel autoclave below 300 0C in a closed system to make a subcritical solvothermal
reaction (Figure 1.03).
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Figure 1.03:- High temperature autoclave (left) and low temperature autoclave (right)1
(N:B:- The proportional scale of these two instruments is not correct)
 Supercritical Solvothermal Synthesis-
“Supercritical solvothermal synthesis utilizes a solvent under pressure and at temperatures
above its critical point (Figure 1.02.) (water - 374 0C) to increase the solubility of the solid
and to speed up the reaction between solids” 21
In this case, the solvothermal fluid becomes a supercritical fluid which has unique physico-
chemical characteristics such as single phase behaviour, enhanced permeability, mass
transport capability, and dissolving capacities.
Preparation methods such as induced growth through crystal seeds, structure-directing agent
technique, mineralising, templating, complexing, non-aqueous solvothermal routes, high
temperature and pressure techniques, and redox environment control pave the way for the
utilization of solvothermal chemistry towards functional advanced materials.
Microporous and mesoporous materials, super-ionic conductors, chemical sensors, condensed
materials such as ferroelectrics (BaTiO3), solid electrolytes such as bismuth lead oxides
(Bi2Pb2O7), battery materials (lithium batteries use LiCoO2 as the cathode materials), and
luminescence phosphors 20 are emerging functional solvothermal materials.
Chapter One Introduction
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Novel compounds with microporous structures are of great interest for their potential
development in different fields: molecular sieves, ion-exchange, catalysis and separation.
Multi-functional development of material applications has emerged due to the advancement
of solvothermal technology. Most of the solvothermal technologies are named according to
the solvent that has been used; “Glycothermal” 22, “Alcothermal” 23, “Ammonothermal” 24 and
“Ionothermal” 25
Glycols such as ethylene glycol (1,-2-ethanediol) and 1,-4-butanediol have been introduced
for solvothermal synthesis mainly to alter the rate of dissolution in the solvothermal fluid.
With an increase in the number of carbon atoms in the glycol, the yield and morphology of
the target materials changed. This result is attributed to the decrease in the dissolution rate
because the dielectric constant of the medium decreases with the increase in the carbon
number of the glycol22.
Ionothermal synthesis is one of the new solvothermal methods to lead the synthesis of
inorganic-organic hybrid materials. An ionic liquid is used as a solvent as well as structure-
directing agent for these hybrid materials. Many ionic liquid cations are chemically very
similar to species that are already known as “organic templates” (organic compounds or
cations which are not covalently bonded but make H-bond interactions) which form
inorganic-organic hybrid materials.
Ionic liquids are classically defined as highly polar liquids at ambient temperatures and exist
in the “ionic” form. Therefore, the reaction takes place in an “ionic environment” rather than a
“non-ionic” (molecular) environment 26. Solvents are predominantly molecules (e.g. H2O,
ethylene glycol, butane) whereas ionic liquids [1-butyl-3-methylimidazolium (BMIm), N-
methyl-N-alkylpyrrolidinium, N, N'-dialkylimidazolium] are ionic components. The ionic
environment makes a better medium for the dissolution of the inorganic components for
metal-organic framework synthesis. In addition, ionic liquids have excellent solvating
properties, low vapour pressure, and high thermal stability.
Chapter One Introduction
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Ionothermal syntheses ideally remove the competition between organic template-framework
and solvent-framework interactions that are present in the typical hydrothermal synthesis
(Figure 1.04).
Figure 1.04:- Comparison between (a) hydrothermal synthesis which shows interactions
between the excess solvent (water) and the organic template and/or framework (b)
ionothermal synthesis which shows interaction between the organic template–framework 26
Solvothermal synthesis, in contrast to conventional synthetic methods, offers a number of
advantages, as can be shown by a few typical examples:
 Solvothermal synthesis is one of the best synthetic processes to grow single crystals.
e.g. Ceria nanoparticles (Ce(1-x)PrxO2-δ)[x = 0.05] 27 Single-crystal hematite (α-Fe2O3)
nanorings28
 Preparation of novel phases and new products with intrinsic properties
e.g. CePO4:Tb Nanotube 29/ Ferroelectric tetragonal tungsten bronzes
Ba2RETiNb3O15 : RE=Nd, Sm 30
 Synthesis of metastable crystalline phases especially so-called “low temperature
phases” which are not stable at the high temperature e.g. pure rutile (titania)
nanocrystals31 and pure lead-based perovskites using ethylenediamine tetra-acetic acid
complexation32.
 Synthesis of high purity products e.g. lead zirconate titanate (PbZr0.52Ti0.48O3)33
 Synthesis of compounds with oxidation states that are difficult to attain; especially
important for transition metal compounds e.g. Preparation of CrO2 34.
 Synthesis of materials which have high vapour pressure near their melting point
Chapter One Introduction
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(most materials can be made soluble in a solvent by heating and pressuring the system
close to its critical point).
 Easy control of the solubility of a solute.
 Control of particle size and shape (the elaboration of fine particles well defined in size
and morphology 35).
 Single step reaction rather than complex reaction steps.
 Avoidance of any pre- or post-heat treatment reaction steps.
 Relatively cheap raw materials can be used. e. g. Y(NO3)3.
 Supersaturation property of solvothermal fluids favours to dissolve more reactants.
 Kinetics of reaction are greatly increased with a small increase in temperature.
 Environmentally friendly technology; pollution is minimized because of the closed
system condition and reagents can be recycled.
 Most of Organic-Inorganic Hybrid (metal organic framework) and zeolite molecular
sieves can not be synthesised by any other method.
There are, however, a few drawbacks which may also be considered.
 Difficult to predict the outcome of reaction.
 It is hard to observe the crystals visually during the reaction
 Generally, solvothermal synthesis is recognised as a slow process compared to the
solid state synthesis
Exploration of the physical and chemical properties of the solvothermal fluid, understanding
the reaction mechanism and identifying the role of precursor(s) and mineraliser pave the way
to minimize the main barrier (activation energy) to achieve the target materials. Microwave
chemistry has been applied to speed up solvothermal synthesis 36. The concerted forces
applied by the electric and magnetic components of microwaves are rapidly changing in
direction (2.4 x 109 s-1) causing warming because the assembly of molecules, liquids and semi
solids cannot respond instantaneously to the changing direction of the field and this creates
friction which manifests itself as heat.
Solvothermal reactants, precursors together with solvent or solvent mixture, govern the
reaction conditions of solvothermal synthesis such as critical temperature. Obtaining the
target materials with their unique characteristics directly depend upon these physical
conditions of the reaction medium. In particular, synthesis at a lower temperature than that
Chapter One Introduction
11
required in conventional solid state reactions opens a novel route to the stabilisation of low
temperature phases and especially inorganic-organic hybrid materials.
1.04. Inorganic- Organic Hybrid Materials
The field of crystalline inorganic-organic hybrid materials has developed rapidly because of
the unique and diverse characteristics and properties of these compounds. Since the
preparation of zeolite, using “organic templates”, the rewards of typical synthetic inorganic
chemistry has moved towards the exploration of novel crystalline hybrid materials 37. The
discovery of new materials and characterisation remain at the forefront of synthetic material
science. Understanding the crystal architecture of novel compounds has contributed greatly to
both established and emerging materials for applications, for example, optical and magnetic
applications. The key idea when developing the hybrid materials is to take advantage of the
best properties of each component that forms the hybrid, trying to decrease or eliminate their
drawbacks and getting, ideally, a synergistic effect which results in the development of
innovative materials with new properties.
The art of combining dissimilar components to yield improved materials is not new; in fact it
goes back to ancient construction materials such as Adobe38. Adobe was used to build houses
and buildings and was made from a mixture of clay (inorganic) and straw (organic), where the
straw provides the mechanical properties for clay. However, the modern concept of hybrid
materials goes way beyond the concept of a mixture between their components. The hybrid
concept falls into a category where the interface between their components is increased
compared to a mixture, and the interaction is at a molecular or atomic level. Structure-
property relationship activity is the key characteristic factor for the functional hybrid
materials.
Research in the topic of hybrid materials involves challenges and opportunities. The most
important challenge is synthesising hybrid combinations that keep or enhance the best
properties of each component while eliminating or reducing their particular limitations,
having the opportunity to develop new materials with synergistic behaviour. This behaviour
leads to an improvement in performance or to the discovery of new useful properties.
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Hybrid materials can be classified using several criteria based on their field of application or
on their chemical nature. According to the type of matrix and guest phases of hybrid
materials, “Inorganic-Organic Hybrid Material” is defined as where the matrix is the
inorganic structure and organic template of the hybrid is the guest molecules rather than
organic based organic-inorganic materials 39 and organometallic compounds. Cheetham and
Rao 8 have defined inorganic–organic hybrid materials as compounds that contain both
inorganic and organic moieties as integral parts of a network with infinite bonding
connectivity in at least one dimension.
Inorganic-organic hybrid compounds can be divided into two types of material. These are
metal-organic frameworks (MOF), in which an organic component is covalently bonded to an
inorganic framework, and organically templated inorganic materials which have no or very
weak interaction (hydrogen bonding interactions) between inorganic and organic components.
Cheetham et al. 40 have proposed a sophisticated and comprehensive classification of
inorganic-organic hybrid materials with respect to dimensionality of both extended inorganic
connectivity and organic connectivity between metal centres (Table 1.03).
Table 1.03:- Classification of Inorganic-Organic Hybrid Materials 40
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Metal-organic frameworks (MOF) were initially defined as inorganic–organic hybrid
materials which contain cavities and channels similar to those found in zeolites. Within the
last decade, metal-organic frameworks have been explored in the direction of the dense hybrid
framework structures rather than porous materials and hybrid materials akin to classical
inorganic materials 41.
The first attempt to explore the frameworks using combined molecular inorganic and organic
building blocks to create open networks was by Hoskins et al. 42 who reported the diamond-
like framework of [N(CH3)4][CuZn(CN)4] (Figure 1.05).
Figure 1.05:- Crystal Structure of [N(CH3)4][CuZn(CN)4] 42
The building blocks of MOFs and the network connectivity of the building units largely
determines the properties of a MOF. These may include magnetic exchange, acentricity for
non-linear optical (NLO) applications, or the definition of large channels available for the
passage of molecules. The inclusion of chiral centres or reactive sites within an open
framework is also an active goal for generating functional hybrid materials.
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1.05. Hydrothermal Synthesis of Inorganic Fluorides
Solvothermal chemistry has been comprehensively utilized for the synthesis of advanced
inorganic materials. The number of inorganic oxides and fluorides known has expanded
significantly due to the added flexibility of solvothermal reactions. Relatively mild chemical
and physical conditions and a single step synthetic procedure have become important
characters for hydrothermal synthesis.
Inorganic fluorides may display important physical properties of ionic conductivity,
piezoelectricity, magnetic behaviour and photoluminescence. Most simple inorganic fluorides
had been synthesised by typical solid state synthesis. Hydrothermal synthesis has gradually
been implemented as a viable technique in the synthesis of inorganic fluorides especially
when concerning the morphology and/or pure phase formation at low temperature. LaF3
nanoplates 43, NaYbF4/ YbF3:Er3+ microstructures and nano-sized complex fluorides such as
KMF3 (K=Zn, Mn, Co and Fe) 44 are examples. Preparation of optical materials such as
photoluminescent materials of LuF3:Yb3+ /Er3+ microcrystal 45 and europium doped LaF3
nanodisks 46, and magnetic materials such as the perovskite structure of ABF3 (A =Li, K; B =
Ba, Mg) and ABF4 (A =Li, K; B = Y, Er, Ho) 47, are emerging fields of solvothermal
synthesis.
Bentrup et al. 48 have reviewed the fluorometalates containing organic cations. Most of the
materials are chain structures which have hydrogen-bonded links between isolated MFx(H2O)y
polyhedral groups. The fluoride chemistry of inorganic-organic hybrid materials has
developed in the area of fluorides along with phosphate, oxyanions, oxyfluoride such as
[(CH3)2NH(CH2)2NH(CH3)2][(UO2)2F2(HPO4)2] 49, [C4N2H12]3[V2O2F8][VOF4(H2O)]2 50 and
(C2H10N2)2[Nb2O3F8] 51.
Explorations of fluoride architectures towards the inorganic-organic hybrid materials have
been focused in the direction of aluminium ([C5NH6][Al3F10]) 52, uranium
(H3N(CH2)4NH3]U2F10·3H2O) 53, beryllium ([LiBe2F7][C4N2H12][H2O]1.5) 54 and zirconium
([CN4H8ZrF6][H2O]0.5) 55. Organically-templated lanthanide fluorides are an untouched field
of solvothermal solid state chemistry. The initial step in the development of hybrid lanthanide
fluoride chemistry began with scandium and yttrium fluorides, because scandium is known to
be a relatively fluorophilic element and Sc and Y are considered alongside lanthanides
(section 1.06).
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Lightfoot et al. 56, 57 have explored 0-D, 1-D, 2-D and 3-D scandium fluoride structures
including the first organically templated scandium fluoride ([C2H10N2]0.5[ScF4]) 57 which is a
2D layered structure. The structure of [C2H10N2]0.5[ScF4] consists of single anionic [ScF4]-
layers of corner-linked ScF6 octahedra separated by ethylenediammonium cations via
hydrogen bonding. The [ScF4]- layers are considered as units of “bow-tie” shape (Figure
1.06).
Figure 1.06:- The “bow-tie” Unit of [C2H10N2]0.5[ScF4] 57
In [C2H10N2]0.5[ScF4], these building units are arranged in a more complex way to form 3-,4-,
5- and 6- membered rings (Figure 1.07).
Figure 1.07:- Scandium Fluoride Layers in the Crystal Structure of [C2H10N2]0.5[ScF4] 57
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The crystal structure of (NH4)2(Sc3F11) 56 consists of a three dimensional scandium fluoride
framework containing ScF6 octahedra and ScF7 pentagonal bipyramids (Figure 1.08). This is
the first example of a 3D scandium fluoride organic hybrid framework and mixed co-
ordination numbered scandium fluoride framework.
Figure 1.08:- Building unit for (NH4)2(Sc3F11) 56
The organic template of (NH4)2(Sc3F11), tris(2-aminoethyl)amine, has broken down in-situ
[NH4]+ which acquired “butterfly-shaped” channels along the c axis (Figure 1.09).
Figure 1.09:- A perspective view of the H-bonding within one “butterfly” channel along the
c-axis in (NH4)2(Sc3F11) 56.
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The organically templated scandium fluoride chain 1D structure of [C2H10N2][ScF5] consists
of eclipsed and staggered conformations, of trans corner-shared ScF6 octahedra. The
asymmetric unit of [C2H10N2][ScF5] contains two different crystallographic octahedral Sc
sites (Figure 1.10).
Figure 1.10:- Building unit for [C2H10N2][ScF5] 56
The organic template, ethylenediamine, is H-bonded with the two difference chain
conformations: eclipsed and staggered (Figure 1.11). Trans-vertex sharing MF5 chains are
common in fluorides. [NH4]2[MnF5] 58 and Rb2MnF5 59 consists of MnF6 octahedra, which are
also trans connected, but the chains are only eclipsed. [C2H10N2][ScF5] is the first example of
both eclipsed and staggered chains present in this type of structure.
Figure 1.11:- The unit cell of [C2H10N2][ScF5] along the c-axis 56
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1.06. Luminescence Properties and Inorganic Materials
Inorganic materials contribute to a diverse range of useful properties, such as magnetic
properties, gas storage and separation properties, catalytic properties, conductivity properties,
and optical properties, which depend more directly on the structural architecture of those
compounds.
Novel innovative luminescent materials play an important role in solid state lighting, displays,
lasers, optical storage media, photovoltaic devices and photo-catalysis 60. The development of
luminescent materials has been involved with the concept of sustainable development,
because luminescent materials are often energy efficient and minimise consumption of total
energy.
The diversity of properties associated with luminescent materials reflects a vast compositional
range, which allows variations in covalence, geometry, and oxidation states, and a versatile
crystalline architecture, which may provide different pore structures, coordination sites, or
functional groups. There are various type of luminescent materials which have been reported,
such as transition metal complexes, rare earth (REE) materials, lanthanide materials, mixed
metal complexes, REE-doped inorganic materials, Organic-inorganic hybrid materials, and
metal organic frameworks.
1.07. Luminescent Properties of Lanthanide Materials
Prior to discussing lanthanide luminescent materials, clarifications of the definitions and
variation between main concept such as “rare-earth element”, “lanthanide”, the basic and
unique properties and characteristics of those elements are considered.
Rare-Earth Elements-
In inorganic chemistry, Rare-Earth Elements (REE) include the lanthanide series and usually
Yttrium (Y) and sometimes Scandium (Sc) [in some cases Thorium (Th), and rarely
Zirconium (Zr)]. REE metals naturally occur together in minerals as they have similar
electronic configurations and similar physical and chemical characteristics, such as a common
valency of III. According to this definition, Promethium (Pm), which is not found in nature, is
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considered as a REE. When considered in terms of natural abundance in the Earth’s crust, the
most abundant REE, Cerium (Ce), is the 25th most abundant element in the crust, more
common than Lead (Pb) while even the least abundant REE-Lutetium (Lu), is 200 times more
abundant than Gold (Au) 61. Hence the term “rare–earth” is a misnomer, since they are neither
rare, nor present only in clay or ochres (archaically called ‘Earths’). However, IUPAC has not
accepted the term “rare earth elements”.
 Lanthanide Elements-
The lanthanide (IUPAC-Lanthanoid) series consists of 15 elements with atomic numbers 57
to 71, from Lanthanum (La) to Lutetium (Lu). All lanthanides except Lutetium (Lu) are f-
block elements, corresponding to the filling of the 4f electron shell. The lanthanide series is
named after Lanthanum (La). There are some alternative arrangements which do not include
either Lanthanum (La) or Lutetium (Lu). Lanthanides are chemically similar to Scandium
(Sc) and Yttrium (Y) 62.
The terminologies of lanthanide (Ln) and rare earth elements (REE) have some ambiguity.
Therefore, in this research, the term of ‘Lanthanide’ (Ln) is considered as all the elements of
lanthanide series, Cerium (Ce) to Lutetium (Lu).
Luminescent materials containing lanthanides are widely reported and applied. Conventional
televisions and computer screens use lanthanide-doped powders ("phosphors") to display
information. Fluorescent lighting also uses powders that contain lanthanide ions to convert the
ultraviolet radiation generated inside the tube by electric discharges into "white" light. Digital
information (internet) is often transported as light pulses travelling at extremely high speeds
through glass fibres. The sources that generate the light pulses as well as the devices that
amplify them rely on lanthanide ions for their luminescence.
When lanthanide ions are incorporated into certain materials, such as glasses, crystals and
powders, these materials may become luminescent, which means that they first absorb light
and subsequently emit it. Usually the absorbed and the emitted light have different colours,
with the absorption having a higher energy.
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The excitation source, such as the electrical current or the absorbed light, puts the lanthanide
ions in an excited state. As the ions relax to their ground state, they emit light. Luminescent
materials can be much more efficient for turning energy into light.
Lanthanide luminescence, due to f-f transitions, is well developed in the solution state phase
63, 64. Inorganic lanthanide fluorides and lanthanide fluorides doped with other lanthanides are
known for their excellent luminescent properties. Lanthanides offer an advantage over other
metals in the developing luminescent materials. The spectra exhibit sharp emission features
arising from f-f transitions, with relatively little environmental influence since the 4f electrons
are largely shielded by filling 5s and 5p orbitals whereas transition elements are strongly
affected by ligand field effects. In addition, these emissions occur in the visible and IR
regions, such as red emission for Eu3+, green for Tb3+, and blue for Eu2+. However, since the
direct excitation of the lanthanide ion emissive state is not easily accomplished, the emission
is often sensitised through a coordinated ligand or antenna 65. The luminescence intensity
could be effectively controlled in solution phase66.
Lanthanide complexes have been considered as ideal host lattices for optically active
lanthanide ions, and different doping modes may lead to quite different emission behaviours,
which are appealing to important applications (Table 1.04).
Application/Usage Inorganic Phosphor
TV Tube Eu3+ doped Y2O3 67
Luminescence Colours Green: Ce3+ :CaS and Eu3+ in SrGa2S4 68
Blue: Eu2+ in (Sr, Mg)2P2O7 69
Biological Labelling Gd2O3 : Eu3+, Tb3+ 70
Conversion of Incident IR Radiation
into Green Luminescence
YF3 Host doped with Yb3+ as a Sensitiser and
Er3+ as an Activator 71
Laser Yttrium Aluminium Garnet (YAG) 72,
Y3Al5O12, doped with Nd3+
Exploration of Chemical Features of
Ligand Charges, Binding Constants,
Ligand Exchange Rates and
Site Symmetry-
Luminescence of Eu3+
e.g.Y2Sn2O7:Eu3+, Ba2GdNbO6:Eu3+ 73.
Table 1.04:- Applications and Usage of Inorganic Phosphors
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 Lanthanide Chemistry-
The exceptional physical and chemical properties of lanthanides play an important role in
inorganic chemistry, especially in functional materials such as phosphors. The following
unique properties can be considered:
 The lanthanide contraction, which is the gradual decrease in the atomic and ionic radii
along the lanthanide series due to the imperfect shielding of one electron from another
in the same sub–shell (the shielding of one 4f electron by another is less than for one d
electron by another) 74, and poor screening of nuclear charge by 4f electrons with
steady increase in Z.
 The common oxidation state is +3 (Ln3+) and lanthanides are f –block in the periodic
table. There is a set of f-orbitals which is 7-fold degenerate and can be represented is
more than one way. The “cubic set” is the most common and it can relate with the
tetrahedral, octahedral and cubic ligand fields. The cubic set comprises the fx3, fy3, fz3,
fxyz, fz(x2-y2), fy (z2-x2) and fx(z2-y2) atomic orbitals 75.
 Lanthanide complexes have more ionic character rather than covalent coordinating
bonding because 4f n electrons are contracted into the core and unable to participate in
bonding. Because of this ionic character, lanthanides prefer O-donor ligands 76.
 Coordination numbers of lanthanide complexes are generally higher than other
inorganic complexes. The splitting of the degenerate set of f orbitals in crystal fields in
small (∆oct≈1kJmol-1) and crystal field stabilisation considerations are of minor
importance in lanthanide chemistry. The preference towards different coordination
numbers and geometries tend to be controlled by steric effects 77.
 Magnetic and optical properties are largely independent of environment. In
lanthanides, spin orbit coupling is more important than crystal field splitting and terms
differing only in J values are sufficiently different in energy to be separated in the
electronic spectrum. Further since, l= 3 for an f electron, ml =-3, -2, -1, 0, 1, 2, 3
giving rise to high values of L for some f n ions. 4f electrons are well shielded and not
affected by the environment of the ion. Therefore, lanthanide shows sharp f-f
transitions. Absorptions due to 4f-5d transitions are broad and are more greatly
affected by ligand environment 77.
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There are some key aspects of lanthanides which mainly affect their electronic spectroscopy.
 Transitions which involve only a redistribution of electrons within the 4f orbitals (f ´ f
transitions) are orbitally-forbidden by the selection rules 76.
 The colours of Ln3+ compounds are usually pale coloured (narrow, forbidden f-f
optical transitions are dominant due to the very weak ligand field effects.)
 Ligand field effects in lanthanide 4f orbitals are virtually insignificant (4f electrons are
well shielded from external charge by 5s2and 5p6 shells)
 f - f absorption bands are very sharp (useful fingerprinting and quantisation of Ln3+) [d
- d transitions in transition metal compounds are also orbitally forbidden, but gain
intensity from and are broadened by the effects of molecular vibrations in distorting
the crystal field] 76.
 Optical spectra are virtually independent of environment. [Similar spectra in
gas/solution/solid (sharp lines like typical gas atom spectra)]
The luminescence of lanthanide-containing materials reflects the crystallography of the
lanthanide centres more than other sites within the material. The photoluminescence of
europium-(III) silicate, Cs3EuSi6O15 78, reveals the relationship between crystallography and
luminescence, with the symmetry of the Eu3+ site reflected through the peak positions and
peak intensities of luminescence. The emission spectrum of Eu3+ reveals symmetry details
with its dominant transitions (Figure 1.12). The Eu3+ transition of 5D0→ 7F1,2 is allowed due
to the ligand field effects, and the transitions of 5D0 → 7F1 have magnetic dipole character
(Equation 1.01) 79. In addition, transitions of 5D0 → 7F2 have electric dipole character and are
allowed if the Eu3+ site lacks a centre of symmetry. The term “Asymmetric ratio”, R, is
represented by this relationship 80, 81, 82.
1
7
0
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FDofIntensity
FDofIntensity(R)RatioAsymmetric


 (Equation 1.01)
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Figure 1.12:- Emission Spectra of Cs3EuSi6O15 excited at 523 nm. [The inset shows the
excitation spectrum detected within the 7F1 manifold (594 nm)] [Y. Huang et.al]78
1.08. Luminescence Properties of Lanthanide Fluorides
Lanthanide fluorides have some unique characteristics which may improve optical properties
over other functional group like oxides, phosphates and sulphates. The following significant
factors can improve the luminescent characteristics of inorganic materials:
 Fluorides have large band-gaps and empty conduction bands, and can act as electronic
insulators. The wide band-gap makes possible emission from high-energy levels, e.g.
Nd, Er and Tm 5d to 4f 83, 84
 Low nephelauxetic effect1* 85 ( F− < H2O < NH3 < Cl− < [CN]− < Br− < I− ) and
moderate crystal field splitting (I− < Br− < S2− < Cl− < < F− < OH− < C2O42− < H2O <
NH3 < CN− < CO) 86
 In fluorides, the higher energy of the first 5d levels of lanthanide ions allows the
existence of line emissions from 4f levels usually located in the 5d bands. e.g. LaF3,
YF3 and α-NaYF4: Pr3+ 87.
1 * As inorganic complexes become more covalent the electrons are, to some extent spread over the ligands so
that the electron-electron repulsion is reduced. This reduction of repulsion as covalency increases is called the
nephelauxetic effect.83
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 Weak crystal field energy of fluorides leads to the reduction of the non-radiative
process and lowers the decay time of f –f transitions.
 The ligand field effect on 5d versus 4f in fluorides is more prominent than in oxides,
with the consequence that 5d - 4f transitions are at much shorter wavelengths relative
to oxides.
 Lower phonon energies in fluorides lead to much lower non-radiative decay rates (the
quantum efficiency is much higher than oxides). The lower phonon energies in
fluorides are favourable for a high stability. e.g. quenching of the 5d-4f emission of
Ce3+in LiYF4 (λ=320 nm) starts only at about 900K 88. The thermal stability of
luminescence depends on the energy of the emitting level, electronic transition and
phonon energies.
 Long life-times of excited levels of nd N and 4f N configurations.
 Electric dipole transitions are allowed for ∆l=1, 3 and ∆S=0 however, parity-
forbidden transitions can occur as a result of mixing with states of opposite parity.
Because of the ionicity of the bonds formed by fluorine, the probabilities of d-d and f-f
transitions are lower than in oxides. This results in lower absorption properties and
longer lifetime of excited states. Long life-time is favourable for “up-conversion”
processes which are used for energy conversion from infrared to visible range 89.
 Fluorides have much wider transparency range compared to oxides and other halides.
 Lower polarizability*2 of fluoride complexes.
 Lower refractive index*3 of fluoride favours the optical properties.
The exploration of lanthanide fluorides as luminescent materials has become a great interest.
Relationship between the site symmetry of the crystal structure and luminescence has been
revealed by Zang et. al 90 with lanthanide fluoride nanocrystals, LaF3: Eu3+. The La3+ ion in
LaF3 was shown to be at a site of C2 symmetry, because both electric and magnetic dipole
transitions were allowed and both the transitions of 5D0 → 7F1 and 5D0 → 7F2 were observed
in LaF3: Eu3+ (Figure 1.13).
*2 Polarizability is a measure of the ability of a material to become polarised in the presence of an applied
electric field. It may occur in both polar and non-polar material
*3 The refractive index of a medium reflects the idea of differentiation of incident wave behaviour (speed of
light) with respect to the vacuum.
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Figure 1.13:- Excitation and Emission Spectra of LaF3: Eu3+ (0.1 mol %) nanocrystals. [Zang
et. al. 90]
However, the relationship between overall crystallographic structure and luminescence
properties has not been fully understood and part of the problem lies in the limitation of
exploration of different phases. Therefore, developing a philosophy to prepare new structure
types for luminescent materials would be a significant step for understanding the structure–
property relationship.
Lanthanide doped inorganic materials such as KYF4 and KLuF4, RbGd3F10 and NaGdF4 have
been studied during the last decade to understand the mechanism of their luminescence. The
photoluminescence of KYF4 and KLuF4:Eu3+ 91 and Eu3+ luminescence in two polymorphic
forms of RbGd3F10 and RbY3F10 92 have been reported. A strategy for photoluminescence
studies of NaGdF4:Eu3+ has been introduced by You et. al. 93. They concluded that the energy
difference between 6GJ and 6PJ of Gd3+ matches very well with that of 7FJ → 5D0 of Eu3+ ;
therefore, excited energy is transferred by cross-relaxation (1) between 6GJ → 6PJ and 7FJ → 
5D0 , resulting in a red emission from 5D0 to 7FJ . The cascade relaxation from 6PJ to 8S7/2
generates a second photon, which pumps the Eu3+ ion up to the higher excited state (2) of 5D2
or 5D3. The emission of the second photon is, therefore, composed of a full spectrum of all
5D0 → 7FJ transitions. This mechanism is shown as follows:-
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Figure 1.14:- Energy Level Diagram of the Gd3+→ Eu3+ System [You et. al. 93]
Energy transfer within lanthanide and rare-earth elements illustrates an improvement of
understanding luminescence. Contribution of energy transfer mechanism for the luminescence
efficiency has been studied by Wegh et. al 94 and Li et. al 95. The energy transfer mechanism
can be identified according to their excitation and emission spectra (Figure 1.15).
Figure 1.15:- (A)- Emission spectra of LiGdF4:Eu3+ (0.5 mol%) upon excitation in the 6IJ of
Gd3+ and 273 nm (violet line) and upon excitation of 6GJ of Gd3+ and 202 nm (red line), both
at 300 K. (B) Excitation spectra of LiGdF4:Eu3+ (0.5 mol%) monitoring the 5D0 → 7F1
emission of Eu3+ at 554 nm (violet line) and the 5D0 → 7F2 emission at 614 nm (red line), both
at 300 K [Wegh et. al 94]
Chapter One Introduction
27
A doping level of 0.5% Eu3+ in LiGdF4 reveals the highest intensity peaks in excitation
spectrum are 8S7/2→6IJ of Gd3+ and 8S7/2→6GJ of Gd3+ which corresponds to the emission
wavelengths 554 nm and 614 nm respectively. However, both excitation wavelengths at 273
nm and 202 nm result in a dominant Eu3+ transition of 5D0 → 7FJ (614 nm) in the emission
spectrum. It would conclude that Gd3+ acts as a sensitiser and absorbed energy has transferred
from Gd3+ to Eu3+. The following diagram (Figure 1.16.) shows it clearly.
Figure 1.16:- Energy level diagram of the Gd3+- Eu3+ system, showing energy transfer from
Gd3+ to Eu3+. [Wegh et. al 94]
1.09. Optical properties of Inorganic-Organic hybrid frameworks
Typical rare earth complexes can act as luminescent materials because of excellent chromatic
purity, but they are unstable and lack the desired mechanical properties to be used directly as
luminescent sources. These problems are expected to be resolved by substituting inorganic-
organic hybrid luminescent materials which combine the essential characteristics of both
organic and inorganic materials.
Utilisation of inorganic compounds as luminescent materials has expanded due to exploration
of porous, chiral, 1-D, 2-D and 3-D hybrid materials with their novel architecture. Such
complex structures, based on molecular-scale composite of inorganic and organic
components, provide the potential for the design of novel functional materials. The inorganic
component materials provide electrical mobility, unusual magnetic, dielectric, or optical
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properties, mechanical hardness, and thermal stability. Similarly, organic molecules offer a
capability to process complex materials, structural diversity, a range of polarizability, and
useful luminescence properties. Consequently, the combination of the unique features of
organic and inorganic compounds in a complementary fashion in hybrid materials may lead to
unusual solid state structures and materials with composite or novel properties, providing
access to a vast area of complex, multifunctional materials.
In luminescent organic-inorganic hybrid materials, the organic ligands may absorb energy and
lanthanide ions emit photons, because the lanthanide has a very small absorption coefficient
97. Luminescence materials have traditionally focused either on inorganic materials or on
organic materials and bio-materials. This has changed in the past decade towards hybrid
materials, but much less effort has been devoted to organically templated-inorganic materials
rather than metal-organic hybrid materials.
The potentially intrinsic photoluminescence of metal organic frameworks highlighted in the
area of material chemistry as hybrid luminescent materials. Daniel et al. 98 reported the
intrinsic photoluminescence of [(Eu,-Tb)(C6H8O4)3(H2O)2]∙(C10H8N2). In general, the energy
transfer process of MOF exists as metal to ligand energy transfer or ligand to metal energy
transfer. More comprehensively, energy transformation can be identified as intra-system and
inter-system energy transfer and it has been verified by both Eu and Tb analogues and single
doped lanthanide, co-doped lanthanides of this material (Figure 1.17). This type of lanthanide
complex could be considered as an example of “antenna effect” in solid state
photoluminescence materials because the energy transfer process shows these emission from
the Eu3+ centre is sensitised not only by the uncoordinated organic template but also, through
the Tb3+ centre.
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Figure 1.17: - Emission spectra of the Eu3+, Tb3+, and mixed system MOFs-. [Daniel et.al.
98]
Various energy transfer processes may be revealed in photoluminescence of inorganic-organic
hybrid materials, for example, a result of intra-ligand transition (π - π*, σ – σ* or π*- n ) and
inter-ligand transition [charge transfer from metal to ligand (MLCT) or ligand to metal
(LMCT)] 99. Following Table 1.05 gives some examples of mode of energy transfer within
hybrid luminescent systems.
Origin of Photoluminescence Formula
Intra-ligand transition (π - π*) [Cd(1,2-BDC4*) (H2O)] 100
Intra-ligand transition (π* - n) and LMCT [Cd2(C2O4)(OH)2] 101
Ligand-sensitised metal-centred Emission (FRET) [Gd1-xErx(glu5*)].4H2O 102
Table 1.05:- The Relationship between the Origin of Photoluminescence and Chemical
Formula
The theory of luminescence, concepts between different types of luminescence, chemistry of
luminescence and more details regarding luminescent properties will be discussed in Chapter
3 Luminescence.
4* 1,2-benzenedicarboxylate
5* Glutamic acid [ (2S)-2-aminopentanedioic acid]
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2.0 Experimental Techniques
In this chapter, basic crystallographic theory and experimental methods and materials which have
been utilised for the research will be discussed.
2.01. The Basics of Crystallography
 Solid state chemistry
Solid state chemistry is the study of the synthesis, structure, physical properties and application
of solid materials. It therefore has a strong overlap with solid state physics, mineralogy,
crystallography, ceramics, metallurgy, thermodynamics, materials science and electronics with a
focus on the synthesis of novel materials and their characterisation. The large majority of
inorganic solids are non-molecular and their structure is determined by the manner in which the
atoms or ions are packed together in three dimensions1.
The crystalline state has distinct properties over the other states of matter (Table 2.01).
State of Matter Fixed Volume Fixed Shape Order Properties
Gas No No None Isotropic A
Liquid Yes No Short-range B Isotropic
Solid (Amorphous) Yes Yes Short-range Isotropic
Solid (Crystalline) Yes Yes Long-range B Anisotropic C
Table 2.01:- Basic Characteristics of Three States of Matter (A The system has the same
properties in all directions. B Short-range order is over a few atoms. Long-range order extends
over ~103 to ~1020 atoms. C The system has different properties in different directions.)
An additional and important structural aspect is the defect structure of solids. All solids contain
defects of some kind and often these have a great influence on properties such as electrical
conductivity and luminescence properties (Chapter Three).
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 Crystals, Crystalline State and Single Crystals
The distinctive property of the crystalline state is a regular repetition in the three dimensional
space of a template object, made of atoms, molecules or groups of molecules, extending over
distance corresponding to thousands of molecular dimensions. It may contain number of defects
and impurities even at absolute zero. A crystal is a solid in which the constituent atoms,
molecules, or ions are packed in a regularly ordered, repeating pattern extending in all three
spatial dimensions. A crystal is often an anisotropic, homogeneous body consisting of a three-
dimensional periodic ordering of atoms, ions or molecules (glasses and liquids have short range
homogeneity, but crystals have periodic homogeneity)2.
The structure of solids on at least three levels must be considered;
 The crystal structure of ideally perfect solids
 The defect structure of solids (including the structure of surfaces)
 The texture of polycrystalline solids
 Unit Cell and Lattice
The smallest repeat unit of the crystal which shows the full symmetry of the crystal structure is
called the unit cell. A unit cell is described by six lattice parameters (Figure 2.01): length of
lattice translation vectors (a, b, c) and internal lattice angles (α, β, γ)
Figure 2.01:- Unit Cell Parameters
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Crystals are grouped into seven crystal systems, according to the characteristic symmetry of their
unit cell. The characteristic symmetry of a crystal is a combination of one or more rotations and
reflections. The seven crystal systems which show minimum symmetry requirements and the
restrictions on the cell geometry are tabulated as Table 2.02.
Crystal
system
Unit Cell Shape Essential
Symmetry
Space Lattice
Cubic a = b = c, α = β = γ = 90º
Four threefold
axes at 109.28º to
each
P, F, I
Tetragonal a = b ≠ c, α = β = γ = 90º
One Fourfold axis
or one fourfold
improper axis
P, I
Orthorhombic a ≠ b ≠ c, α = β = γ = 90º
Any combination
of three mutually
perpendicular
twofold axes or
symmetry planes
P, F, I, A (B, or C)
Hexagonal a = b ≠ c, α = β = 90º, γ = 
120º
One sixfold axis or
one sixfold
improper axis
P
Trigonal
a = b ≠ c, α = β = 90º, γ = 
120º
(hexagonal axes)
a = b = c, α = β = γ ≠  90
º
(rhombohedral axes)
One threefold axis
P
R
Monoclinic a ≠ b ≠ c, α = β = 90º γ ≠ 90º
One twofold axis
or mirror planes P, C
Triclinic a ≠ b ≠ c, α ≠ β ≠ γ ≠ 90º None P
Table 2.02:- The Seven Crystal Systems
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 Symmetry, Point Groups and Space Groups
The symmetry of crystalline solids can be described using symmetry elements and symmetry
operations. A symmetry element is a point of reference about which symmetry operations can
take place. In particular, symmetry elements can be centres of inversion, axes of rotation and
mirror planes.
There are two types of symmetry operations; point symmetry and space symmetry 2.
1. Point Symmetry (symmetry which is around a point and for all of them at least one point
stays unchanged during the symmetry operation)
a. Mirror Plane ( m)
b. Rotation Axis (n)
c. Inversion Axis (n )
d. Centre of Symmetry (1 )
2. Space Symmetry (symmetry which relates two different points in a unit cell)
a. Glide Plane (Translation and Reflection)
a, b, c and n (face diagonal) glide planes all have translation step of half the unit
cell in that direction; by definition, the d (diamond diagonal)glide has quarter the
translation.
b. Screw axis (Translation and Rotation)
XY; indicates a translation by the fraction Y/X of the unit cell edge in the direction
of the screw axis, together with a simultaneous rotation by 1/X x 360º about the
screw axis.
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The crystal systems together with lattice type give a better description of crystals. The
combination of crystal systems and lattice types form 32 point groups. Point group symmetry is
described with proper or improper rotation axes and mirror planes. The 32 point groups can be
classified as 11 centrosymmetric Laue classes (Table 2.03). Point symmetry plus additional
symmetry due to translational elements symmetry form the 230 space groups from 32 point
groups.
Crystal System Point groups Laue Class
Triclinic 1, -1 -1
Monoclinic 2, m, 2/m 2/m
Orthorhombic 222, mm2 , mmm mmm
Tetragonal 4, -4, 4/m, 422, 4mm, -42m, 4/mmm 4/m, 4/mmm
Trigonal 3, -3, 32, 3m, -3 m -3, -3m
Hexagonal 6, -6, 6/m, 622, 6mm, -62m, 6/mmm 6/m, 6/mmm
Cubic 23, m-3, 432, -43m, m3m m-3, m-3m
Table 2.03:- The Seven Crystal Systems, Point Groups and Laue Classes 3
2.02. X-ray Diffraction
Electromagnetic radiation interacts with a periodic structure whose repeat distance is about the
wavelength of the radiation in a manner identified as diffraction. X-rays have wavelengths of the
order of angstroms, which is in the range of typical inter-atomic distances in crystalline solids.
Therefore, X-rays can be diffracted from the repeating patterns of atoms that are characteristic of
solid crystalline materials.
The role of X-rays in diffraction experiments is based on properties of the electromagnetic
radiation. Electromagnetic radiation such as visible light and X-rays can act as a beam of
particles, while at other times it acts as a wave. Photons having a wavelength between 10-6 to
10-10 cm, are referred to as X-rays. Electromagnetic radiation can be regarded as a wave moving
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at the speed of light, c (~3 × 1010 cm/s in a vacuum), a wavelength, λ, and a frequency,  , related
by the expression c= λ.
When the X-ray photons collide with matter, the oscillating electric component of the photons
induces oscillations in charged particles of the matter. This phenomenon emits secondary X-rays
which contain same energy as incident photons are known as “scattered X-rays”. Max von Laue,
in 1912, discovered that crystalline substances act as three-dimensional diffraction gratings for X-
ray wavelengths similar to the spacing of planes in a crystal lattice. If the wavelength and the
inter-atomic distance are roughly the same, diffraction patterns, which reveal the repeating
atomic structure, can be created. A pattern of scattered X-ray diffraction pattern is
mathematically related to the structural arrangement of atoms via a Fourier transformation2.
The long range order in a crystal results in interference between scattered X-rays, producing a
diffraction pattern. The diffraction pattern has geometry related to the lattice and unit cell of the
crystal and symmetry related to the crystal system and space group.
Diffraction can be considered as reflection from sets of parallel (hkl) planes of lattice points, as
illustrated below (Figure 2.02), where incident and reflected rays make an angle θ with the hkl 
planes, separated by a distance, dhkl.
Figure 2.02:- Diagram of Parallel Planes in a Crystal
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hklhkldn  sin2
For diffraction spots to be observed the reflected X-rays shown in the diagram must interfere
constructively, i.e. the path difference between them must be an integer number of wavelengths.
This path difference expressed in terms of the hkl spacing dhkl is the Bragg equation 1.
(Equation 2.01)
The Bragg law relates the wavelength of electromagnetic radiation to the diffraction angle and
the lattice spacing in a crystalline sample. These diffracted X-rays can be detected, processed and
counted.
The geometry of the diffraction pattern (sin θ) is inversely related to the geometry of the crystal 
(dhkl). Each diffraction spot can be labelled with hkl values of the planes causing the reflection.
The generation of characteristic X-rays occurs via the “photoelectric effect”. Characteristic X-
rays are generated when an energetic beam of electrons interacts with the inner shell electrons of
an atom by inelastic scattering with enough energy to excite inner shell electrons to outer shell
orbitals, leaving inner-shell vacancies (Figure 2.03). As outer-shell electrons fall to the various
inner shell orbitals, characteristic amounts of energy are generated that are a function of the target
element and the type of orbital decay. Much of the energy is emitted from the atom or some may
be internally absorbed and knock out another outer shell electron (Auger electron) with additional
energy emissions.
These electronic transitions form characteristic lines such as Kα and Kβ, which are labelled K, L or
M after the principle quantum (n = 1, 2 or 3) of the orbital to which the electron falls. If the
transition occurs between two adjacent shells such as L and K, Kα line is formed and a Kβ is
formed as a result of transition between two shells, e.g M-shell to K-shell,. Figure 2.04 shows
the generation of a characteristic X-ray spectrum.
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Figure 2.03:- Diagram of the Photoelectric Effect for Generation of X-ray2
Figure 2.04:- A Characteristic X-ray Spectrum3
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X-ray Diffraction has two principal uses in solid state chemistry;
 Almost all crystal structures are solved by single crystal X-ray diffraction
 All crystalline solids have their own characteristic X-ray powder diffraction pattern which
may be used as a means of “Fingerprinting”.
However, powder diffraction has many other applications besides straightforward phase
identification. (See the section 2.02.2)
2.02.1 Single Crystal X-ray Diffraction
Single-crystal X-ray diffraction is a non-destructive analytical technique which provides detailed
information about the internal lattice of crystalline substances, including unit cell dimensions,
bond-lengths, bond angles, and details of site-ordering. In single-crystal refinement, the data
generated from the X-ray analysis is interpreted and fitted to obtain the crystal structure.
Analysis of the intensities and positions of spots in a single crystal diffraction pattern is used to
deduce a model of the structure. Typical diffraction patterns contain several thousand unique
reflections; Indices (hkl) may be assigned to each reflection, indicating its position within the
diffraction pattern. The diffraction pattern and the electron density, and hence atom positions, are
related to each other by the Fourier transformation3. The diffraction pattern has a reciprocal
Fourier transform relationship to the crystalline lattice and the unit cell in real space.
Indexing the unit cell is an initial step for a single crystal structure determination. These peaks are
assigned as hkl values, and the unit cell dimensions are calculated. The symmetry of the
diffraction pattern, Laue symmetry, is determined by examining equivalent reflections, e.g. I (hkl)
= I(-h-k-l) = I(h-kl ) =I(-hk-l) if 2/m and in addition I(hkl) =I(hk-l) =I(-hkl) =I(h-k-l) if mmm.
The data are collected as a list of hkl values and intensities I [associated with error (σ) I]. An
absorption correction, intensities of the diffracted beams which are affected by passing through
the crystal, can be applied. As this stage, systematic absences, i.e. absences of specific to
symmetry information such as certain glide planes and screw axes, are examined to determine the
space group 4.
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(Equation 2.02)
The structure factor, Fhkl, is a mathematical function describing the amplitude and phase of a
wave diffracted from crystal lattice planes characterised by Miller indices h, k, l. The intensities,
Ihkl, are proportional to the square of the structure factors, Fhkl. The values of structure factor are
important to evaluate electron densities, ρ, at points x, y, z in the unit cell. Structure factors can
be represented as complex numbers Fhkl, which is the magnitude (|F|), and the phase (Φ). Fhkl is
related to the fn (atomic scattering factor)
(Equation 2.03)
The electron density in the unit cell,  (x,y,z) is given by
(Equation 2.04)
The square root of the measured intensities, I, give the values of Fhkl and the phases, Φ, have not
been determined. This phenomenon is identified as “crystallographic phase problem”. There are
two main methods which have been utilized to overcome this crystallographic phase problem.
(a) Patterson Methods
The Patterson function (P) amend for the term of electron density which is represented in above
equation by introducing the square of the structure factor. The Patterson function avoids the need
 
2
hklhkl FI 
)(2cos lzkyhxfF nhkl  
)(2cos)/1()( lzkyhxFVxyz hkl   
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)(2cos)()/1()( 2 lzkyhxFVuvwP hkl   
to calculate the structure factor (Fhkl), and uses intensities (I) directly. However, the Patterson
map does not illustrate the electron density directly but represents the electron density vector; i.e.
it reveals the vectors between the atoms 4
(Equation 2.05)
The Patterson method is most often used where heavy atoms or groups of well-defined structural
geometry are present.
(b) Direct Methods
Direct Methods are a statistical technique, based on the information that is already known in the
electron density map; that the density is never negative. This provides relationships between
different reflections and especially the most intense reflections. When all the atoms are regarded
as being equal, Sayre’s equation can be deduced:
),,()()( llkkhhSlkhShklS  (Equation 2.06)
Where, S represents the “sign of”, the phase of a structure factor
Direct methods give the most probable phase relationships between the reflections, and then the
different possibilities of phases can be fixed to appropriate combinations which provide the best
agreement to this relationship. Generally, the atomic coordinates are refined using a least squares
method.
(Equation 2.07)
Where Fobs = observed F and Fcalc = calculated F, i.e. the model and the data are compared, and
the model is changed until it fits the observation. The difference between the observed data and
the calculated data shows the factor for suitability of the data to the model, identified as R:
(Equation 2.08)
The lower value of R indicates a better fit 4.
  obscalcobs FFFR /
2)( calcobs FFWD 
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2.02.2 Powder X-ray Diffraction
Powder diffraction is the premier materials characterisation technique and can be performed
using either X-rays, neutrons or electrons. This technique reflects the information of three
dimensional samples into a one dimensional diffraction pattern. Powder diffraction has various
uses in solid state chemistry (Figure 2.05).
Figure 2.05:- Importance and Usage of Powder Diffraction
A powder diffraction pattern reveals four main types of information;
 Peak positions are determined to derive the size and shape of the unit cell (internal
structure)
 Peak intensities are determined to derive where atoms sit in the unit cell (internal
structure)
 Background oscillations may contain information about short range order in a material
 Peak widths are determined by size/strain of crystallites (microstructure)
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For this research a Stoe STADI-P powder diffractometer has been used. The X ray tube contains
a copper anode and the X-rays are monochromated by Germanium. The characteristic X rays are
identified as CuKα1 at 1.5406 Å.
 Rietveld Refinement 5
Powder diffraction results in a pattern characterised by peaks in intensity at certain positions of d
spacing. The height, width and position of these peaks can be used to determine many aspects of
the materials structure. The Rietveld method uses least square calculations to obtain the best fit
between the observed powder diffraction pattern and a calculated powder pattern based on a
structural model which can be changed according to the results. The difference quantity can be
represented as a residual, Sy, derived from observed intensity (yi), and calculated intensity (yci)
2)(1 cii
i i
y yyy
S   (Equation 2.09)
This residual is minimised and the overall quality of the fit can be represented by the “R-factors”
Rp and Rwp which are “R-pattern” and “R-weighted pattern” respectively.
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N= number of points, P= number of variables, C=number of constraints
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Background, atomic coordinates, isotropic and anisotropic displacement parameters, preferred
orientation, the lattice parameters and peak shapes are the key parameters which are considered in
Rietveld refinement. Refinements are carried out using the GSAS software (General Structure
Analysis System) 6.
2.03. Themogravimetric Analysis
Determination of weight changes with respect to the temperature can be measured by
themogravimetric analysis (TGA). This is recorded on a chart for reference and generally the
scan shows a continuous line with one or more steps as a function of temperature. The weight
loss diagram shows a sharp drop or gradual decreasing weight within certain temperature
intervals. The heating regime is typically between 1 and 20 ºC min-1 depending on the nature of
the sample.
TGA experiments were carried out on a TA Instruments SDT2960 simultaneous TGA / DTA
furnace under an atmosphere of nitrogen. Samples of ≈ 7-12 mg were heated up to 600 - 700 ºC
along with a calcined alumina standard. Weight loss was plotted as a function of temperature,
together with differential analysis to show the corresponding exotherms or endotherms 2.
2.04. Elemental Analysis
Elemental analysis is an experiment that determines the amount (typically a weight percent) of an
element in a compound. There are many different experiments for determining elemental
composition. The most common type of elemental analysis is CHN analysis which determines the
quantitative measurement of carbon, hydrogen, and nitrogen. CHN analysis is accomplished by
combustion analysis which includes sample burns in excess oxygen CO2, H2O and NO identified
as products. According to the weight of reactant and product composition of CNH of unknown
sample is determined. This type of analysis is especially useful for compounds containing organic
species. The elemental analysis of a compound is particularly useful in determining the empirical
formula of the compound. All synthesised materials were analysed for carbon, hydrogen and
nitrogen content. Carlo Erba Model 1106 Elemental Analyzer was used to determine these
analyses 7.
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2.05. Optical Microscopy
Optical microscopy can reveal morphological information on a sample and in some cases to
provide information about the crystal system. Optical microscopy can be used when the crystal or
powder is larger than the wavelength of light (0.4 – 0.7 µm). This instrument can be used in two
ways: Transmission, in which light passes through the sample and reflection, in which light
reflects from the sample.
Monochromatic radiation or white light is utilized as source of light for optical microscopy. The
light used in optical microscope is plane polarised and rotation of a second polarising filter
reveals the extinction directions. Such data provide insight into the single crystal’s suitability for
X-ray single crystal diffraction. If the sample has parallel extinctions where a feature of the
crystal (an edge for example) is parallel to the vibration direction of the plane polarised light, this
feature of uniaxial crystal system (i.e. trigonal, tetragonal and hexagonal). Sharp extinctions arise
from quality crystals which can precede further x-ray diffraction analysis. Twinning can be
determined by the image appearing to have stripes; it is looks like a twin crystal. Crystals of a
suitable quality can be determined by light grinding of the substances.
Optical microscopy may be used to check the purity of the sample. If the optical properties are
much different from the desired product then low impurity levels are easily detected. Optical
microscopy is a valuable tool for the X-ray crystallographer to provide an initial estimate of the
symmetry of the unit cell. However, assumption of crystallinity cannot be made if the crystals are
too small to be identifiable 2.
2.06. Electron Microscopy
Electron microscopy contributes to structure determination, morphological information, surface
structure and element composition of materials. Theses experiments can be performed for not
only powder samples but also bulk material and single crystals; only a very small amount of
sample is needed.
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Scanning electron microscopy (SEM) uses a beam of electrons instead of light as a source of
energy for formation of an image. Electron microscopes were developed due to the limitations of
optical microscopes which are limited by the wavelength of light. There are several allied
phenomena related to the interactions of electrons with matter, such as cathodoluminescence,
secondary electrons, backscattered electrons, X-ray, Auger electrons which occur at the surface
when an electron beam strikes the sample (Table 2.04). Various types of information regarding
the sample can be determined from these phenomena, for example, secondary electrons for
topographical information (SEM) and X-rays for composition information (SEM/EDX) of the
sample 8.
Type of Specimen/Electron Interaction Information
Secondary Electrons Topographical Information
Backscattered Electrons Atomic Number and Topographical Information
Auger Electrons Compositional Information (Surface Sensitive)
X-rays Compositional Information (Deep Penetration)
Cathodoluminescence Electronic Information
Specimen Current Electronic Information
Table 2.04:- Effect of Incident Electron Beam and Specimen Interaction.
Secondary electrons and backscattered electrons are commonly used for imaging samples:
secondary electrons are most valuable for showing morphology and topography on samples and
backscattered electrons are most valuable for illustrating contrasts in composition in multiphase
samples. Secondary electrons arise when the beam of electrons interacts with the loosely bound
electrons of the conduction band or tightly bound valence electrons in the sample (Figure 2.06).
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Figure 2.06:- Production of Secondary Electrons 8.
When the electron beam strikes the sample some of the electrons will interact with the nucleus of
the atom. The negatively-charged electron will be attracted to the positive nucleus but if the angle
is just right instead of being captured by the nucleus it will circle the nucleus and come back out
of the sample without slowing down. These electrons are called backscattered electrons (BSE)
because they come back out of the sample (Figure 2.07). Backscattered electrons arise due to
elastic collisions between the incoming electron and the nucleus of the target atom. When BSE
hit a detector a signal is produced which is used to form the TV image. All the elements have
different sized nuclei. As the size of the atom nucleus increases, the number and momentum of
the BSE increases. Thus, BSE can be used to obtain an image that is dependent on the average
composition present in a sample.
Figure 2.07:- Production of Backscattered Electrons 8.
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X-ray photons emitted by the sample can be used for quantitative chemical microanalysis. X-ray
generation is produced by inelastic collisions of the incident electrons with electrons in discrete
orbitals of atoms in the sample. As the excited electrons return to lower energy states, they yield
X-rays that are of a fixed wavelength (that is related to the difference in energy levels of electrons
in different shells for a given element). Thus, characteristic X-rays are produced for each element
in a sample that is excited by the electron beam. SEM analysis is considered to be "non-
destructive"; that is, X-rays generated by electron interactions do not lead to volume loss of the
sample, so it is possible to analyse the same materials repeatedly. This technology is called
energy dispersive X-ray spectroscopy (EDX).
2.07. Solid State NMR
Solid state NMR shows significant differences from solution state NMR. Solution state NMR
results in sharp, narrow and well-defined peaks due to the anisotropic interactions within nuclear
spins and between spins and their environment, and the constant rapid tumbling motion of atoms
(Figure 2.08). In the solid state, interactions of dipolar coupling, chemical shift anisotropy and in
certain cases, the quadrupolar interaction result in a broadening the spectral lines (Figure 2.08).
These broadenings can be overcome by using techniques such as magic-angle spinning and high-
power decoupling 9.
Figure 2.08:- Comparison of Solution State NMR and Solid State NMR
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The range of interactions depends upon orientation, such as dipolar coupling and chemical
shielding anisotropy. High-power decoupling is the simplest technique which removes the effects
of heteronuclear coupling (Figure 2.09). A high power pulse is applied to the remote nucleus at
its Larmor Frequency while the NMR signal of the nucleus of interest is recorded.
Figure 2.09:- 31 P (I= ½) MAS NMR, spinning speed 5 KHz; (a) without decoupling and (b) with
1H decoupling 10
The most orientation-dependent terms such as dipolar coupling, chemical shielding anisotropy
contains the P2(Cosθ) term, P2(Cosθ) = (3Cos2 θ-1)/2. This term becomes zero when,
(3Cos2 θ-1)/2 = 0
Cos2 θ = 1/3
θ = Cos-1 (1/√3)
=54.74º
If the sample is spun at a rate less than the magnitude of the anisotropic interaction, a manifold of
spinning sidebands becomes visible, which are separated by the rate of spinning. This is known
as Magic angle spinning (MAS) (Figure 2.10). MAS is a technique which simulates the tumbling
motion of a solution by rotation of the sample around an axis inclined at an angle 54.74º to the
external magnetic field. In order to identify spinning side bands, if the sample is rotated at a
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different frequency, the isotropic shift will remain constant while the side bands will move in
accordance with the frequency.
Figure 2.10:- Magic Angle Spinning (MAS)
There are many interactions which can be identified in solid state materials which are important
in solid state NMR. Table 2.05 shows the interactions, origin of these interactions and
importance of these interactions in solid state NMR9.
Interaction Comments Remarks
Zeeman Interaction Interaction with main field Information on atomic composition
Chemical Shielding Alteration of magnetic field
by local electrons
Information on coordination
numbers, coordinating atoms,
symmetry of environment
J Coupling Through bond spin-spin
coupling
Information on chemical bonding,
H bonding distance, torsion angles
Dipolar Coupling Through space spin-spin
coupling
Information on spatial proximity,
distance, angles, disorder
Quardrupolar
Coupling
Interaction of nuclear
quadrupole moment with
electric field gradient
Information on atoms
(coordination) on coordination
numbers, symmetry, distortions,
covalency
Table 2.05:- Origin, Importance and type of Interactions in Solid State NMR9
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3.0 Luminescence
Exploration of novel architectural frameworks for inorganic-organic hybrid lanthanide
fluorides which is directed towards the discovery of new luminescent materials has been
considered in this research. In this chapter, types, mechanisms, definitions and applications of
luminescence will be discussed.
3.01. Introduction
Light is a form of electromagnetic radiation. To create light, another form of energy must be
supplied to the sample which responds by the emission of light.
There are two ways in which light is emitted;
 Incandescence
 Luminescence
Incandescence
Incandescence is light from heat energy. If something is heated to a high enough temperature,
it will begin to glow. When the tungsten filament of an ordinary incandescent light bulb is
heated still hotter, it glows brightly “white hot” by the same means. The sun and stars glow by
incandescence.
Luminescence
Luminescence is the general term given to the emission of light by a substance as a
consequence of it absorbing energy. Luminescence is “cold light”, light from other sources of
energy, which can take place at normal and lower temperatures. In luminescence, some
energy sources promotes an electron of an atom out of its ground state (lowest energy) into an
excited state (higher-energy); then the electron gives back the energy in the form of light so it
can fall back to its ground state. The term was first defined by Wiedemann in 1889 1.
Materials which emit light are known as “luminescent” or “phosphors”. The phosphors
consist of a “host material” which constitutes the bulk of the phosphor. Enhancement of
luminescence properties of host materials may occur by adding to the host (“doping”)
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material relatively small amounts of foreign ions or inducing structural defects. These
dopant foreign materials can be classified as “activators” and “sensitisers” according to this
function. An activator is a foreign ion which, when incorporated into a host lattice, gives rise
to a centre which can be excited to luminescence (Figure 3.01.). A sensitiser is a foreign ion
incorporated into a host lattice which is capable of transferring its energy of excitation to a
neighbouring activator, thus inducing luminescence.
For an example:
 Host Lattice – ( La0.6Ce0.27Tb0.13)PO4 [Monazite structure]2
 Sensitizer – 4f1 → 5d1 excitation on Ce3+ [ f 1 ion] (λmax ~ 250 nm)
 Activator – 5D4 → 7F5 transition on Tb3+ [ f 8 ion] (λmax ~ 543 nm)
Figure 3.01 represents the role of luminescence of an activator doped in to a host lattice. The
activator creates a centre which absorbs excitation energy and converts it into emission
radiation.
Figure 3.01:- The Role in the Luminescence of an Activator (A) Doped in to a Host (H)
Lattice.
The activator needs to be optically active and capable of absorbing energy, without
dissipating it before the emission process can occur. The host must be carefully matched to
the chosen activator because of the lattice phonon-energy branches on the localised modes of
the activator. The following factors are of concern when choosing an activator;
 Must be optically active
 Should possess a large (2 eV) energy gap between emitting and ground state, in its
crystalline environment.
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 Should have the proper valence state which is easily established in its crystalline
environment.
 Should stabilize that valence state within the crystalline host.
In some luminescent materials, an activator with the desired emission does not have a
significant absorption for the available excitation energy. In such a case it may be possible to
use a sensitiser which absorbs the excitation energy and then transfers this energy to the
activator, which can then emits its characteristic light 3. The role of the sensitiser is illustrated
in Figure 3.02. A common requirement for both activator and sensitiser is to have an
incompletely filled electron shell in at least the ground state or excited state involved.
Figure 3.02:- The Role in the Luminescence of a Sensitiser (S) and its Relationship to an
Activator (A) and the Host (H) Lattice
The excitation and emission spectra are the primary characteristic features which are normally
determined for luminescent materials. The excitation source is the output of a monochromator
which, like a prism, resolves the excitation light source into its component wavelengths. The
excitation wavelength of interest illuminates the sample. The intensity of the luminescence
emission is measured by photomultiplier tubes (PMT). The optical cut-off filter placed
between the sample and the PMT is selected so that it will pass the luminescence but will
absorb the reflected excitation radiation. The output of the PMT is amplified and then fed into
the y axis of an x-y recorder. The value of the excitation wavelength selected is plotted on the
x-axis. The x-y plot which shows the intensity of the luminescence as a function of the
excitation wavelength is called the “Excitation Spectrum” (Figure 3.03) 4.
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Figure 3.03:- Diagram of a Typical Experimental Arrangement for Recording the Excitation
Spectrum of a Phosphor
For the emission spectrum, a single excitation wavelength is selected. The optical cut-off
filter serves the same purpose as previously described. In this experiment the emission of the
sample is analysed by means of a monochromator. The resulting x-y plot is called the
“Emission Spectrum”. Figure 3.04 illustrate the schematic diagram of the experimental
arrangement of recording the emission wavelength.
Figure 3.04:- Diagram of a Typical Experimental Arrangement for Recording the Emission
Spectrum of a Phosphor
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3.02. Mechanism of Luminescence in Crystalline Phosphors
Luminescence processes within crystalline materials can be separated into three main stages.
1. The absorption of energy,
2. The transportation and storage of absorbed energy,
3. The relaxation of absorbed energy and emission of light
All these process take place within the “Luminescence Centre”. In general, the luminescence
process involves motion of electrons in the matrix crystal between absorption and emission.
Only some of them are significantly identified as steps of “energy storage and relaxation of
stored energy”. The collective electron model (also known as “Band theory”) provides a
sufficient explanation for the exchange of energy within the crystal lattice 5.
 Band theory
In an isolated atom the energy states for electrons consists of discrete levels. In solids, instead
of having discrete energies as in the case of free atoms, the available energy states form
bands. In insulators the electrons in the valence band are separated by a large gap (the “band
gap”) from the conduction band.
In general the crystal lattice is not in the perfect state described by band theory. Its periodicity
is destroyed or disturbed by the presence of lattice defects, trace amounts of impurities, or by
the lattice atom distribution.
These non-periodic systems give rise to additional and usually discrete energy levels for
electrons, which may lie in between the conduction band and the valence band. Because of
this they are of great importance in the luminescence process. Such levels and sites are
assumed to be provided by the activating impurity species of crystalline phosphors.
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Figure 3.05:- Discrete Energy Levels, Locations and Energy Distribution in Luminescent
Centres
Figure 3.05 shows the discrete levels representing normal and excited states of the impurity
luminescence centre. Some disturbance may provide extra levels lying just below the bottom
of the conduction band. If these levels are normally unoccupied, then they can capture
electrons from the conduction band. Because of this ability to capture electrons they are
known as “electron traps”.
Typically, the host lattices should have a large band gap so as not to absorb the emitted
radiation and with as few permitted lattice vibrations as possible, since these lead to non-
radiative relaxation, which decreases the luminescence efficiency 6.
Luminescence spectroscopy measures the energy of the luminescent centres. The energy level
of a luminescent centre is defined as its characteristic state. The luminescence is usually
characterised by its “quantum yield” and “lifetime”. The ratio of the number of photons
emitted to the number absorbed is known as quantum yield. Luminescence centres with larger
quantum yields display the brightest emission.
There are various types of luminescence centres;
 Lanthanide Elements (e.g. Tb3+, Eu3+ and Eu2+)
 F-Centres (Colour Centres)
 Heavy Main Group Metals (e.g. Pb2+, Tl+)
 Transition metal ions (e.g. Mn2+, Cr3+, Fe3+)
 Extended defects
Chapter Three Luminescence
63
Colour Centres:-
Among these luminescent centres, the F-centre (colour centre) has its unique characteristics
and features. The “F Centre” is a type of crystallographic defect created due to an anion
vacancy filled by one or more electrons. The term “F Centre” is derived from ‘Farbzentrum’
(German) meaning of “colour centre”. Electrons in such a vacancy tend to absorb in the
visible spectrum, such that a material that is usually transparent becomes coloured. For
example, F-centres can be created by passing sodium vapours over NaCl, when Cl- ions
combine with the metal ions producing non-stoichiometric defects within the lattice, electrons
diffuse to occupy the vacant sites. Ionisation process also generates F-centres7.
The luminescence intensity of the luminescence centres is a function of:
 Concentration
 Absorbing energy
 Excitation wavelength
 Quantum yield of the emission wavelength.
3.03 Lanthanide Luminescence:-
The electronic configuration of lanthanides can be represented in terms of ascending energy
(Xe: - 4f n (5s25p6) 6s25dn, where the 5d orbital is ionized first, then the 6s2 orbitals. Electronic
transitions take place among the 4f n orbitals. Because of the “shielding nature” of the 5s25p6
shells, perturbation by surrounding neighbours does not take place and “sharp line” spectra
result.
Many luminescent lanthanide ions have desirable properties, such as luminescence ranging
from the visible to the near–infrared, long–lived luminescent lifetimes, and resilience to
photobleaching, yet use of these ions has often been limited due to their low molar absorption
coefficients. Each line in the absorption spectrum corresponds to an individual energy level
inside the 4f shell (only f-f transitions occur), while the luminescence spectrum corresponds to
the transition between two energy levels, but not necessarily involving the ground state 8.
If we are to discuss the energetics of free atoms or ions, we have to separate the possible
arrangements into sets, the members of each set all being degenerate. The Russell-Saunders
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coupling scheme is one way to describe the degenerate electron occupancy. In this scheme
each level is referred by a symbol of the form 2S+1LJ, where S is the total spin multiplicity, L is
the total orbital angular momentum, and J is the total angular momentum. Figure 3.06 gives
an example of the determination of this “term symbol” for lanthanide ions.
Figure 3.06:-Determination of Term Symbol for Lanthanide Ions
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When a trivalent lanthanide ion is located at a crystal–lattice site the transitions between the
4f levels in the ions are strictly parity forbidden by Laporte selection rules, whereby no
change in angular momentum (L) between the ground state 4f and the excited state 4f occurs;
d-d transitions in an octahedral field are always even, thus forbidden, but, for an octahedral
complex, the Laporte selection rule can be relaxed by either a static (crystal packing or ligand
difference) or a dynamic (vibrations) departure from octahedral symmetry.
There are two selection rules governing transitions between electronic energy levels of metal
complexes;
 The spin rule :- ∆S = 0
 The orbital rule (Laporte selection rule):- ∆l = ± 1
The first rule says that allowed transitions must involve the promotion of electrons without a
change in their spin. The second rule says that if the molecule has a centre of symmetry,
transition within a given set of p or d or f orbitals are forbidden (those which only involve
redistribution of electrons within a given sub-shell).
Relaxation of the rules can occur through
 Spin-orbit coupling- this gives rise to weak spin forbidden bands
 Vibronic coupling- an octahedral complex may have allowed vibrations where the
molecule is asymmetric. Absorption of light at that moment is then possible
 π- Acceptor (CO, CN-, NO+) and π-donor (H2O, OH-, F-) ligands can mix with the d-
orbital or f–orbital so transitions are no longer purely d-d or f-f.
However, if the ion is in a lattice lacking inversion symmetry, the forbidden transitions are
relaxed due to the mixing of opposite parity states into the 4f n configuration, due to an
asymmetric crystal field. As a result, the observed transitions for lanthanide ions are a result
of magnetic dipole transition, induced electric dipole transitions, and electric quadruple
transitions. Of the three, the magnetic dipole transition and electric quadruple transitions are
important due to the reflection of structural information and luminescent intensity of the
transition.
The lifetime is connected to the average time that the luminescence centre spends in the
excited state prior to its return to the ground state. It is defined as the time required for the
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luminescence intensity to drop to 1 / e of its original value 9 (Equation 3.01). In the simplest
case of a single fluorescence decay process the fluorescence intensity, f(t), will follow an
exponential dependence on time:
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Where τ is the characteristic fluorescence lifetime and f(0) is the fluorescence intensity at t =
0. More complex fluorescence decay can be represented by a sum of up to four exponential
terms, and by a constant background, A (Equation 3.02)
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In practice, instrumental processes affect the measured fluorescence decay. The theoretical
fluorescence decay is superimposed by noise, and the initial part of the decay can be
broadened by the finite pulse width of the excitation sources, the transit time spread of the
detector, and other potential optical and electronic contributions.
Taking the above effects into account, the actual measured time dependent fluorescence
intensity becomes a convolution of the instrumental response function P(t) and the theoretical
sample decay (Equation 3.03).
      tdtfttPtF
t
 
0 (Equation 3.03)
The aim of the numerical analysis is to fit the function F(t) to the measured sample decay,
thus extracting the theoretical fluorescence decay model f(t) by eliminating the effect of the
instrumental response function and the effect of the noise.
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3.04: Photoluminescence
Photoluminescence (PL) spectroscopy is a non-contact, non-destructive method of probing
the electronic structure of materials. In essence, light is directed onto a sample, where it is
absorbed and where a process called photo-excitation can occur. The photo-excitation causes
the material to jump to a higher electronic state, which will then release energy, (photons) as
it relaxes and returns to back to a lower energy level. The emission of light or luminescence
through this process is photoluminescence, PL.
 Photoluminescence (PL) – light or photons of UV
 Short time lapse, ≤ 10-8 s, between excitation and emission, the process is
known as “fluorescence”. Fluorescence effectively ceases as soon as the
excitation source is removed.
 For much longer decay times, the process is known as “phosphorescence”.
This may continue long after the source of excitation is removed.
Figure 3.08:- Possible Physical Processes Following Absorption of a Photon by a Molecule
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At room temperature most molecules occupy the lowest vibrational level of the ground
electronic state, and on absorption of light they are elevated to produce excited states. Figure
3.08 shows absorption by molecules to produce either the first, S1, or second S2, excited state.
Photoluminescence occurs when an external source of energy, in the form of electromagnetic
radiation, is absorbed by an atom or molecule, resulting in the emission of photons.
Fluorescence requires that the “spin state” of the electron remains the same during the
transition from the lowest excited singlet state, S1, to the singlet ground state, S2.
Phosphorescence requires that the spin state of the electron changes during the transition from
the lowest excited triplet state, T1, to the singlet ground state, S0.
3.05. Cathodoluminescence
Cathadoluminescence (CL) is a type of luminescence in which the excitation is an electron
gun (e.g. cathode ray tube). The most common example is the TV screen. CL can be used to
examine surface structural information in materials.
Figure 3.09:- Electron Beam Interaction with a Solid Material
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When a high energy electron beam strikes a sample, an electronic transition will occur.
Figure 3.09 shows the possible types of energy transformation. The most commonly observed
signals are “secondary electrons”, “back-scattered electrons” and X-rays. Secondary
electrons are of low energy and are used for the technique of SEM (section 2.05).
Backscattered electrons are high energy electrons which come from high angle interaction;
these electrons depend on atomic number. The emitted X-rays have discrete energies, which
reflect chemical information.
Interactions with the electron beam take place in a particular volume inside the specimen
(Figure 3.10). This volume depends on the following factors:
 The atomic number of the material being examined; higher atomic number materials
absorb or stop more electrons, giving a smaller interaction volume.
 Acceleration voltage; higher voltages penetrate further into the sample and generate a
larger interaction volume.
 Angle of incidence for the electron beam; the greater the angle the smaller the
interaction volume.
Figure 3.10:- Electron Beam Interaction with a Solid Material
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In CL, electrons move from the valence band into conduction band leaving behind a hole.
When an electron and a hole recombine, it is possible for a photon to be emitted. The
probability and characteristic of photon depends on the target materials, its purity, and its
defect states. CL will mostly be performed in either a scanning electron microscope or a
scanning transmission electron microscope. In these cases, the highly focused beam of
electrons impinges on a sample and induces it to emit light from a localized area. This light
will be collected by an optical system, such as an elliptical mirror.
3.06 Radioluminescence
Radioluminescence (RL) refers to luminescence produced in a material by bombardment with
ionising radiation such as X-rays,  or  particles. An example of a common radioluminescent
material is the tritium-excited luminous paint used on watch dials 10.
3.07 Thermoluminescence
Thermoluminescence (TL) is the type of luminescence which emission of light as a result of
stimulation by heat. Displacement of an electron within the crystal lattice of a substance,
relaxation of the electron to low-energy positions, returning the trapped electron into a normal
position are caused by this phenomenon. The amount of energy which is consumed for
absorption is directly related to the activation energy of the trap.
In general, TL can be identified as the emission of light when certain solids are warmed. The
temperature which causes TL is lower than that needed to provoke visible incandescence.
There are main two characteristics of TL which distinguish it from incandescence 4.
1. The intensity of TL emission does not remain constant at constant temperature, but
decreases with time and eventually ceases altogether.
2. The spectrum of the TL is highly dependent on the composition of the material and
is only slightly affected by the temperature of heating.
When luminescent materials produce both TL and incandescent light at some temperature, the
transient light emission is the TL and the remaining steady-state emission is the
incandescence. The mechanism of TL reveals that TL emission is a consequence of relaxation
of stored energy. This theory of TL interprets that thermoluminescent materials can change
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their function according to a temperature variation. This energy distribution behaviour is
utilized in many luminescent applications 10.
In thermoluminescent materials there are special luminescent centres which can trap
electrons or holes which are produced in the solid by ionizing radiation. The TL mechanism
can be divided into two steps, as trapping and recombination.
 Trapping
Thermoluminescent materials are exposed to an excitation source such as ionising radiation
and some of the electrons which gain sufficient energy enter the conduction band. Structural
defects in the lattice (vacancies, interstitial atoms, and substitutional impurities) create
localised charge deficits, which act as traps (T) for the conduction electrons. Charge deficient
ions which are contributed to trapped charge become a luminescent centre (L). Electrons
which are in very shallow traps are recombined easily and electrons in deep traps are less
favourable to recombine.
Figure 3.11:- Diagram for Thermoluminescence (Trapping)
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 Recombination
Electrons trapped in deep traps (T) do not readily recombine unless induced to do so by
natural "clock-resetting events", or under strictly controlled laboratory conditions.
Recombination processes depend on the depth of the trap, electrons trapped in deep traps are
more reluctant to recombine than electrons in shallow traps. Electrons in shallow traps can be
moved back into the conduction band by heat or light. These electrons recombine with
luminescent centres and release surplus energy by emitting light. This phenomenon is known
as thermoluminescence or optically stimulated luminescence (Figure 3.12). The luminescent
centre itself is often a hole trap, and an electron is trapped at another centre, although the
reverse situation can also occur.
Figure 3.12:- Diagram for Thermoluminescence (Recombination)
When at low temperature, the required energy to release the electron from the trap would be
very high and electrons remain trapped. If the temperature increases release of electrons from
the traps becomes more likely. These electrons may reach the luminescent centre, which will
contribute to TL11.
3.08. Luminescence Applications
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The commercial importance of luminescence is ubiquitous, being manifest in lamps, displays,
X-ray machines....etc. Commercial phosphors are mostly inorganic compounds prepared as
powder (with grain sizes usually in the order of 2-20 µm) or thin films 12. To have any
technical importance, a luminescent material must be easily excited by the appropriate
excitation and must have high quantum efficiency.
A suitable phosphor must be studied under the excitation mode and must be easily
manufactured. The synthesis of efficient phosphors not only requires high temperature
chemistry, but also precursor preparation, handling and purity of starting materials. The
development of the Sb3+ and Mn3+ activated halophosphate phosphor (Ca5(PO4)3(F,-Cl):-
Sb,Mn) in the 1940s was a significant breakthrough in fluorescence lighting 13.
The lighting industry underwent a revolution in the 1970s when blends of lanthanide ion
containing phosphors were proposed for a high quality rendition, higher efficiency, and better
maintenance in fluorescence lamps. Lanthanides were used as activators for the phosphors:
Eu2+ (Blue), Eu3+ (Orange), and Tb3+ (Green). Fluorescent materials not only for interior
lighting but also in “Liquid crystal display” (LCD), have become a great interest in
photoluminescence. Eu2+ and Ce3+ doped inorganic phosphors such as yttrium-aluminium-
garnet (YAG): Ce3+ have been studied for these applications 14.
Solid state lighting is the one of the revolutionary achievements of phosphors. Development
of X-ray excited phosphors includes materials with much greater X-ray stopping power and
better conversion efficiency. The luminescent material applications are X-ray stimulated
phosphors in the form of a single crystal, a sintered ceramic, or a glass, which converts the
X-ray radiation to a wavelength detectable by a light detector. The detector for the computed-
tomography (CT) unit is one of these applications. Ceramic crystals [(Y,Gd)2O3:Eu3+ and
Gd2O2S:Pr3+] have distinct advantages over single crystals (CsI, CdWO4) in terms of ease of
production and cost 15.
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4.0 A New Family of Organically-Templated Luminescent Lanthanide Fluoride
Frameworks
4.01: Introduction
Novel luminescent hybrid frameworks of lanthanide doped yttrium fluorides are reported in
this chapter. Solvothermal synthesis has been used for the preparation of these organically-
templated luminescent fluorides and their optical properties have been explored with
Photoluminescence (PL), Radioluminescence (RL) and Cathodoluminescence (CL). Light
emitted during temperature ramping after x-irradiation, so-called Thermoluminescence (TL)
studies have been carried out for some selected lanthanide fluoride hybrid materials.
As discussed in Chapter One, research on lanthanide luminescence has been particularly
active in recent years. This field is boosted by various technological applications1, such as
solid state lighting, lasers, X-ray detectors and optical data storage. In addition, lanthanide
fluoride based systems often have improved luminescent properties over other lanthanide
containing materials. As an original step for the exploration of new lanthanide based
luminescent materials, organically templated yttrium fluorides have been studied. Lanthanide
dopants are added as luminescent activators to these yttrium fluoride frameworks which
behave as the luminescent host materials.
Lanthanide ion (Ln3+) doped yttrium fluorides and other lanthanide fluorides as potential
luminescent hosts are so far restricted to the area of purely inorganic materials. Hydrothermal
synthesis and structural development of hybrid compounds have been developed within the
last decade. Nevertheless, the unique section of organically templated lanthanide fluorides has
been neglected. Only one example, [C2H10N2][Ce2F10] 2, has been reported as a lanthanide
hybrid compound, but Lightfoot et. al 3-6 have recently explored organically templated
scandium and yttrium fluorides (section 1.04).
In this chapter, a new family of organically templated luminescent lanthanide fluorides will be
discussed. These materials form the preliminary work for the exploration of luminescent
materials over the inorganic-organic hybrid compounds. The thermoluminescence (TL)
studies of a Eu3+ doped ytterbium fluoride framework are the first to be carried out for any
inorganic-organic hybrid luminescent framework.
Chapter Four A New Family of Organically-Templated
Luminescent Lanthanide Fluoride Frameworks
76
4.02: Experimental
4.02.1: Synthesis
Solvothermal synthesis has been used to prepare all the organically templated lanthanide
fluorides and lanthanide doped luminescent frameworks.
4.02.1.1 Preparation of Organically-Templated Lanthanide Fluoride Framework,
[C2N2H10]0.5 [Ln2F7]
[C2N2H10]0.5 [Ln2F7](Ln= La, Ce, Pr, Nd, Eu, Gd, Tb, Dy, Ho, Er, Yb and Lu) have been
subject to synthesis trials by typical solvothermal synthetic reaction. Table 4.01 shows the
procedure to synthesise of these compounds. In general, the molar ratios of the reactants are:
1 Ln: 20 organic template (ethylenediamine): 100 HF (48% aqueous): 300 H2O: 100 ethylene
glycol, where Ln represents variety of pure of mixed lanthanide sources (Table 4.01).
Lanthanide Starting Materials
Y YF3 (99.99%, fluorochem)
La La(NO3)3.6H2O(99.99%, Aldrich)
Ce Ce2(SO4)3 (99.99%, Aldrich)
Pr Pr(NO3)3.6H2O (99.99%, Aldrich)
Nd Nd(NO3)3.6H2O (99.99%, Aldrich)
Eu Eu2O3 (99.9%, Aldrich)
Gd Gd(NO3)3.6H2O (99.99%, Aldrich)
Tb Tb2O3 (99.9%, ProChem)
Dy Dy(NO3)3.5H2O (99.99%, Aldrich)
Ho Ho2O3 (99.9%, Alfa Aesar)
Er Er2O3 (99.99%, Apollo Scientific)
Yb Yb(NO3)3.6H2O (99.99%, Aldrich)
Lu Lu2O3 (99.9%, ProChem)
Table 4.01:- List of Lanthanide Reactant for the Preparation of [C2N2H10]0.5 [Ln2F7]
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Figure 4.01:- Layout of Solvothermal Synthesis Procedure
Elemental analyses (CHN) and SEM/EDX were used to ascertain elemental compositions and
X-ray powder diffraction was used to confirm phase purity.
Heated in a
Polypropylene Bottle
at 100 ˚C for 2 hour
Ethylene Glycol
( 100mmol, 5 ml)
H2O
100 mmol (2.00 ml)
Starting Materials-
(Example- Y(NO3)3.6H2O)
1.0 mmol (0.3831 g)
HF (48% aqueous)
100 mmol (2.00 ml)
Ethylenediamine
( 20mmol, 1.30 ml)
Filtered, washed with
water and dried at room
temperature
[C2N2H10]0.5 [Ln2F7]
Heated in a Teflon-lined
stainless steel autoclave
At 190 ˚C for 2 days
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4.02.1.2: Preparation of Lanthanide doped Yttrium Fluoride Frameworks,
[C2N2H10]0.5 [Y2(1-x) F7]: x Ln3+ (Ln = Gd, Eu and Tb)
Lanthanide doped yttrium fluoride frameworks have been synthesised through the same
procedure above for the preparation of lanthanide fluoride framework (Figure 4.01). Eu2O3,
Gd(NO3)3.6H2O and Tb2O3 (Table 4.01) were used as sources of lanthanide dopants. These
compounds are designated according to their idealized lanthanide compositions in the host
lattice structure. Table 4.02 below describes the chemical formula and simple notation of
dopant materials.
Chemical Formula Name of Ln3+
doped Samples
[C2H10N2]0.5[Y1.98Gd0.02F7] YF-1:1% Gd
[C2H10N2]0.5[Y1.90Gd0.10F7] YF-1:5% Gd
[C2H10N2]0.5[Y1.80Eu0.20F7] YF-1:10% Eu
[C2H10N2]0.5[Y1.50Eu0.50F7] YF-1:25% Eu
[C2H10N2]0.5[Y1.90Tb0.10F7] YF-1:5% Tb
[C2H10N2]0.5[Y1.84Tb0.16F7] YF-1:8% Tb
Table 4.02:- Example of Lanthanide Doped [C2N2H10]0.5 [Y2F7] showing Comparison of
“Chemical Formula” and “Sample Names”
EDX/SEM qualitative and quantitative measurements have been carried out to confirm the
presence of the dopant lanthanides within the host framework.
Chapter Four A New Family of Organically-Templated
Luminescent Lanthanide Fluoride Frameworks
79
4.02.1.3: Preparation of Lanthanide doped Lanthanide Fluoride Frameworks,
[C2N2H10]0.5 [Ln2(1-x) F7]: x Ln3+ (Ln = Yb, Gd, Eu and Tb)
Lanthanide doped lanthanide fluoride frameworks have been prepared by a similar method
(Figure 4.01) to those used for synthesising lanthanide doped yttrium-containing materials.
Compounds are named as above, i.e: “[C2N2H10]0.5[Yb2 F7]: 1% Eu” refers to a target
composition of [C2N2H10]0.5[Yb1.98 Eu0.02 F7].
4.02.2: Crystallography
Single crystal X-ray diffraction data were collected on a Rigaku Mercury CCD equipped with
graphite monochromated MoKα radiation. Intensity data were collected by the narrow frame
method at 113K and corrected for Lorentz and polarisation effects as well as absorption by
Multi-Scan techniques.
The crystal structures were solved by direct methods and refined by full-matrix least-squares
cycles in SHELX-97 and SIR2004/WinGX. All non-hydrogen atoms were refined with
anisotropic thermal parameters. However, hydrogen atoms attached to C and N were located
at geometrically calculated positions and refined with isotropic thermal parameters.
Rietveld refinement has been used for determination of lattice parameters of lanthanide
fluoride frameworks. Powder X-ray diffraction patterns were collected on a Stoe STADI/P
instrument using CuKα1 radiation, with a 2θ range of 5º to 100º and a data collection time of
15 hours.
4.02.3: Luminescence Measurements
4.02.3.1: Photoluminescence
Photoluminescence (PL) experiments were carried out using instruments based on a SPEX
Fluorolog 2 photoluminescence spectrometer with a Xe lamp primary source and a PMT to
record the secondary luminescence. The Xe (450 W) excitation is tuned by a Spex-1680
single monochromator through the UV-visible range (200-400 nm) and luminescence can be
measured between 300 and 850 nm with a Spec-1681 double monochromator. LabVIEW-
based software written at the University of St Andrews has been utilized for running the
system of photoluminescence spectrometer. Data are corrected for system response.
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4.02.3.2: Cathodoluminescence-
Cathodoluminescence (CL) and Radioluminescence (RL) spectroscopy were performed on
equipment designed and built at the University of Sussex 7. This is a high sensitivity
multiplexed system with f/2.2 optics capable of detection between 200 and 800 nm with 4 nm
resolution. Two sets of spectrometers and imaging photon detectors, one set designed for the
‘blue’ spectral region (200-440 nm) and a second for the ‘red’ (380-800 nm), are fixed in
order to achieve this wavelength coverage with such high sensitivity and resolution. The data
are corrected for system response and an overlapping region between the two allows the two
parts of the spectrum to be joined. CL studies were performed at 15 kV acceleration potential.
RL was generated from the sample by irradiation by a commercial X-ray generator issuing
10 Gy min-1 CuKα1 X-rays. Both CL and RL measurements were carried out at 298 K (Figure
4.02).
4.02.3.3: Life-Time Measurements
Life-time experiments were carried out using UV excitation by a bank of 8 Farnell 380nm UV
LEDs passed through a Comar 380 nm interference filter to remove a small amount of visible
radiation associated with the LEDs. The LEDs are powered by power source controlled by a
Thurlby Thandar TGP 110 pulse generator to give pulsed primary UV radiation. The
secondary luminescence from the sample is passed through a Jobin-Yvon 1681 double
monochromator equipped with a red-sensitive Hamamatsu 928 photon multiplier tube (PMT).
The response of the PMT is measured in the time domain using a Becker-Hickl PMS-400A
gated photon counting card controlled by software provided by the manufacturers. The
counting card has a minimum bin time of 250 ns, but analysis of the radiation from the LED
shows that it has a 1 µs decay time when switched with a square wave function. Hence
resolution of luminescence decays with lifetimes <10 µs is not attempted.
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4.02.4: Thermoluminescence
The Thermoluminescence (TL) spectra were collected from a high sensitivity system
employing wavelength multiplexed spectrometers 7 (Figure 4.02). The data of the recorded
spectra were corrected for the wavelength sensitivity of the spectrometer and detector system.
Note that as the spectrometer system is wavelength multiplexed the entire spectral range is
recorded simultaneously at each temperature, thus any variations in peak temperature with
wavelength are meaningful. The low temperature spectra were taken at a rate of 0.1 Ks-1 in
order to avoid thermal gradients across the samples. The samples were fixed on an Al disc
with vacuum grease. The X-ray irradiation was performed in vacuum at low temperature with
an in-situ Philips tungsten X-ray tube. The voltage and current used in this work were 11-40
kV and 4-15 mA, respectively. The radiation dose was typically 200 Gy for the low
temperature TL. The rate of both heating and cooling was 6 Kmin-1. The integration time for
data collection was unchanged when different voltages were used. Since the emission spectra
could be recorded during irradiation some measurements of Radioluminescence (RL) were
also acquired.
Figure 4.02:- Overview of TL Spectroscopy: (1) Green/Red imaging Photon Detector, (2)
Control Panel, (3) Sample Chamber, (4) Electron Gun, (5) UV/Blue imaging Photon Detector
(6) Temperature Controller
4
3
5
6
1
2
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4.03: Results and Discussion-
4.03.1 Organically-Templated Lanthanide Fluoride Frameworks,
[C2N2H10]0.5 [Ln2F7]
The crystal structure of the parent phase [C2H10N2]0.5[Y2F7] (YF-1) has been reported 6.
Exploration of the suitability of crystal structure (YF-1) towards the other lanthanides is one
of our key objectives. Lanthanide analogues (Nd3+ – Lu3+) of this structure type framework
have been effectively synthesised (Table 4.03). This is the first organically templated
trivalent lanthanide fluoride framework. The crystal structures of [C2H10N2]0.5[Yb2F7] and
[C2H10N2]0.5[Lu2F7] were studied by single crystal X-ray diffraction and the other phases were
characterised by Rietveld refinement and powder X-ray diffraction analysis. Meantime, La3+,
Ce3+, and Pr3+ analogues of YF-1 phase have not been effectively synthesised in this method.
Lanthanide Product Morphology
Y [C2N2H10]0.5 [Y2F7] Single Crystal 4
La LaF3 Powder
Ce CeF3 Powder
Pr PrF3 Powder
Nd [C2N2H10]0.5 [Nd2F7] Powder
Tb [C2N2H10]0.5 [Tb2F7] Powder
Dy [C2N2H10]0.5 [Dy2F7] Powder+ Single Crystal
Ho [C2N2H10]0.5 [Ho2F7] Powder
Er [C2N2H10]0.5 [Er2F7] Powder
Yb [C2N2H10]0.5 [Yb2F7] Single Crystal
Lu [C2N2H10]0.5 [Lu2F7] Single Crystal
* Powder XRD patterns for the Eu and Gd phases could not be obtained due to prohibitive
fluorescence effects.
Table 4.03:- Lanthanide Analogues of YF-1: Phases and Nature of Morphology
Chapter Four A New Family of Organically-Templated
Luminescent Lanthanide Fluoride Frameworks
83
4.03.1.1 Single Crystal X-ray Analysis of [C2H10N2]0.5[Ln2F7] (Ln = Yb and Lu)
Single crystals of the Lu and Yb derivatives of YF-1 have been prepared, and crystallographic
details of those derivatives are shown in Table 4.04. Bond lengths and full details of
refinements of both Lu and Yb derivatives are presented in Table 4.05, 4.06, 4.07 and 4.08.
The crystal structures of [C2H10N2]0.5[Yb2F7] and [C2H10N2]0.5[Lu2F7] confirm that the
[C2H10N2]0.5[Y2F7] type structure is adapted for smaller cations within the lanthanide series.
Formula [C2N2H10]0.5[Yb2F7] [C2N2H10]0.5[Lu2F7]
Fw 510.14 513.95
Space Group Fddd (orthorhombic) Fddd (orthorhombic)
a [Å] 7.9565(11) 7.958(3)
b [Å] 13.906(2) 13.894(3)
c [Å] 22.415(4) 22.410(2)
V [Å3] 2480.1(7) 2477.8(11)
Z 16 16
T/K 113
ρcalc [g cm-3] 5.465 5.542
μ [mm-1] 30.06 31.94
Crystal Size [mm] 0.3 x 0.3 x 0.3 0.06 x 0.1 x 0.1
F(000) 3536 3568
Reflns Collected 4125 6322
Independent Reflns 706 1000
Rint 0.022 0.0893
Obsd Data [I>2σ(I)] 584 781
Data/Restraints/Parameters 706/0/51 1000/0/781
GOF on F2 1.04 1.933
R1, wR2 (I>2 σ(I)) 0.019, 0.046 0.063, 0.164
R1, wR2 (all data) 0.025, 0.044 0.072, 0.158
Table 4.04:- Crystallographic Data for [C2N2H10]0.5[Yb2F7] and [C2N2H10]0.5[Lu2F7]
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Atom site x y z Uiso/Ueq / Å2
Yb(1) 16f 0.125 0.44296(2) 0.125 0.00291(11)
Yb(2) 16g 0.125 0.625 -0.000282(13) 0.00393(11)
F(1) 16g 0.375 0.375 0.12729(17) 0.0065(9)
F(2) 32h 0.2607(4) 0.54193(19) 0.06674(11) 0.0089(6)
F(3) 32h 0.1322(3) 0.3490(2) 0.20562(13) 0.0073(6)
F(4) 32h 0.3038(4) 0.5132(2) 0.19874(12) 0.0084(6)
C(1) 32h 0.1289(15) 0.6387(9) 0.5418(3) 0.0094(19)*
N(1) 32h 0.1256(14) 0.6692(9) 0.6049(5) 0.020(3)*
*Isotropic only (disordered sites, 50% occupancy)
Table 4.05:- Final Refined Atomic Parameters for [C2N2H10]0.5[Yb2F7]
Atom site x y z Uiso/Ueq / Å2
Lu(1) 16f 0.125 0.44252(4) 0.125 0.0085(3)
Lu(2) 16g 0.125 0.625 -0.00036(3) 0.0096(3)
F(1) 16g 0.375 0.375 0.1259(4) 0.005(2)
F(2) 32h 0.2567(13) 0.5426(6) 0.0668(4) 0.0159(19)
F(3) 32h 0.1335(10) 0.3484(7) 0.2059(4) 0.0100(17)
F(4) 32h 0.3055(11) 0.5122(6) 0.1993(4) 0.0091(15)
C(1) 32h 0.123(5) 0.674(3) 0.6058(15) 0.023(8)*
N(1) 32h 0.123(5) 0.638(3) 0.5402(10) 0.018(6)*
*Isotropic only (disordered sites, 50% occupancy)
Table 4.06:- Final Refined Atomic Parameters for [C2N2H10]0.5[Lu2F7]
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Table 4.07:- Bond Lengths of [C2N2H10]0.5[Yb2F7]
Bond Distance/Å
Lu1 - F1 x 2 2.1956(8)
Lu1 - F2 x 2 2.171(2)
Lu1 - F3 x 2 2.232(9)
Lu1 - F4 x 2 2.398(8)
Lu2 - F1 x 1 2.767(11)
Lu2 - F2 x 2 2.158(9)
Lu2 - F3 x 2 2.184(8)
Lu2 - F4 x 2 2.280(8)
Lu2 - F4 x 2 2.410(7)
Table 4.08:- Bond Lengths of [C2N2H10]0.5[Lu2F7]
The structure of [C2H10N2]0.5[Yb2F7] consists of two different crystallographic sites of
ytterbium centred polyhedra, which are YbF8 square antiprisms and YbF9 mono-capped
square antiprisms. The size of the two crystallographically different ytterbium (Yb3+)
polyhedra in [C2H10N2]0.5[Yb2F7] is smaller than that of yttrium (Y3+) in [C2H10N2]0.5[Y2F7]
which corresponds to Ln3+ ionic radii difference (r(Yb3+) = 0.985 Å, r(Y3+) = 1.019 Å) 8.
Bond Distance/Å
Yb1 - F1 x 2 2.2028(3)
Yb1 - F2 x 2 2.183(3)
Yb1 - F3 x 2 2.231(3)
Yb1 - F4 x 2 2.389(3)
Yb2 - F1 x 1 2.744(4)
Yb2 - F2 x 2 2.181(3)
Yb2 - F3 x 2 2.200(2)
Yb2 - F4 x 2 2.307(3)
Yb2 - F4 x 2 2.403(3)
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These independent Yb/F polyhedra are linked together via shared F atoms to form a three-
dimensional framework structure with ethylenediammonium cations in cavities. The organic
cations are 50:50 disordered around a high symmetry (point symmetry 222) position. The
crystal structure can be seen in Figure 4.03 which shows the 3-D framework without the
organic template, along the [011] direction. Figure 4.04 shows the full structure along a axis.
Figure 4.03:- Crystal Structure of [C2H10N2]0.5[Yb2F7] viewed down [011]. ([C2H10N2]2+
moiety is not shown)
Figure 4.04:- Crystal Structure of [C2H10N2]0.5[Yb2F7] viewed along the a axis
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The parent phase of this structure, [C2H10N2]0.5[Y2F7], was the first organically templated
yttrium fluoride. The high co-ordination number of Y and a large number of symmetry
operations lead to a complicated structure, as follows (Figure 4.05).
Figure 4.05:- Coordination Environments of Two Crystallographically Distinct Yb Sites in
[C2H10N2]0.5[Yb2F7]
This structure can be described in terms of simple motifs. The two different Yb3+ sites
produce a 4-membered ring window with two edge sharing YbF8 square antiprisms and two
edge sharing YbF9 mono-capped square antiprisms. The organic cation, disordered
ethylenediammonium,[C2H10N2]2+, sits behind the 4-membered ring window (Figure 4.06).
Figure 4.06:- The 4-Membered Ring Window of [C2H10N2]0.5[Yb2F7]
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The YbF8 square antiprisms form a large helical chain along the a-axis which is connected by
cis corners of the YbF8 square antiprisms. A single YbF8 square antiprism face sharing with
YbF9 mono-capped square antiprism creates a helical chain by symmetry operation of 2-fold
screw axis. YbF9 mono-capped square antiprisms form another chain along the [010]
direction sharing an edge with one another (Figure 4.07).
Figure 4.07:- YbF9 Edge Sharing Chain along the [010] Direction
4.03.1.2 Crystal Structures of Lanthanide Family of [C2H10N2]0.5[Y2F7],
[C2H10N2]0.5[Ln2F7] (Ln= Ce, Pr, Nd, Eu, Gd, Tb, Dy, Ho and Er)
Initial confirmation of the isomorphous lanthanide series has been provided by powder X-ray
diffraction. Lanthanides of Ce, Pr, Nd, Tb, Dy, Ho and Er form powder samples with the YF-
1 structure. High quality X-ray patterns of the Eu and Gd analogues could not be obtained due
to the prohibitive fluorescence effects. Rietveld refinements were carried out for the Nd, Tb,
Ho, Er, Yb and Lu phases, using the [C2H10N2]0.5[Y2F7] structural model (Table 4.04 and
Table 4.05). The refinements are carried out by varying only the lattice parameters and
profile parameters (peak shape, background and detector zero-point). These refinements were
adequate to derive precise lattice parameter values. Rietveld refinements of
[C2H10N2]0.5[Er2F7] and [C2H10N2]0.5[Lu2F7] will be presented as follows (Figure 4.08 and
Figure 4.09).
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Figure 4.08:- The Rietveld Profile of [C2H10N2]0.5[Lu2F7]. Observed Data Red, Calculated
Profile Green and Difference Profile Purple
Figure 4.09:- The Rietveld Profile of [C2H10N2]0.5[Er2F7]. Observed Data Red, Calculated
Profile Green and Difference Profile Purple
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Qualitative analyses of SEM/EDX measurements have been carried out and confirm
substitution of the lanthanide in these compounds. The following examples show the
qualitative characterisation for these materials (Figure 4.10, Figure 4.11 and Figure 4.12).
Figure 4.10:- SEM Image of [C2H10N2]0.5[Yb2F7]
Figure 4.11:- SEM/EDX of [C2H10N2]0.5[Lu2F7]
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Figure 4.12:- SEM/EDX of [C2H10N2]0.5[Yb2F7]
Crystallographic trends are determined by calculating the unit cell volume of lanthanide
framework versus Ln3+ radii. A linear relationship of decreasing unit cell volume with respect
to decreasing ionic radius (eight co-ordinated) from Tb3+ to Lu3+ is observed. However, the
volume for the [C2H10N2]0.5[Nd2F7] clearly illustrates a deviation from the linear relationship
(Table 4.09, Figure 4.14). (Figure 4.13 shows that example of qualitative analysis of
SEM/EDX for the confirmation of the lanthanide analogue of YF-1 phase)
The lanthanide contraction decreases the ionic radii with increasing atomic number of
lanthanide series. Therefore, the decreasing of unit cell volume from Tb3+ to Lu3+ is as
expected. However, the deviation of the Nd3+ analogue suggest a limitation of the YF-1
phase stability due to lattice strain at this composition.
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Figure 4.13: Quantitative Analysis of SEM/EDX for the Confirmation of Lanthanide
Analogue of YF-1 Framework. (a) [C2H10N2]0.5[Er2F7] and (b) [C2H10N2]0.5[Nd2F7]
Lanthanide a / Å b/ Å c/ Å
Unit Cell
Volume/ Å3
Lu * 7.958(3) 13.894(3) 22.410(2) 2477.8(11)
Yb * 7.9839(4) 13.9299(7) 22.4415(11) 2495.9(3)
Er $ 8.0337(3) 14.0559(6) 22.596(1) 2551.5(2)
Ho $ 8.0577(4) 14.1293(7) 22.6912(11) 2583.4(3)
Tb $ 8.0879(10) 14.2345(16) 22.890(3) 2635.2(6)
Nd $ 8.0891(5) 14.2360(8) 22.8894(13) 2635.9(3)
Table 4.09: Lattice Parameters for the [C2H10N2]0.5[Nd2F7] series from Single Crystal Data*
and Rietveld Refinement$.
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Figure 4.14: Unit Cell Volume of the Pure Ln3+ Analogues of YF-1 versus Eight-Coordinate
Ionic Radius.
4.03.2: Luminescence Properties
[C2H10N2]0.5[Y2F7] samples with different dopant levels of lanthanides cations Eu3+, Gd3+ and
Tb3+ were studied under luminescence spectroscopy. Photoluminescence spectroscopic
measurements were carried out as a preliminary study of the luminescence for all lanthanide
doped materials.
Qualitative and quantitative analyses using SEM/EDX have been carried out for lanthanide
doped YF-1 phases to confirm lanthanides’ presence as dopant elements and to determine the
ideal and actual compositional ratio of lanthanide dopants (Figure 4.15). Powder XRD
patterns confirm the presence of the YF-1 phase for the lanthanide doped samples (Figure
4.16). Neither additional phases nor secondary phases can be seen.
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Figure 4.15:- SEM/EDX of [C2H10N2]0.5[Y2F7]: 5% Gd and [C2H10N2]0.5[Y2F7]:10%Eu
Figure 4.16:- (a) Powder XRD Pattern of [C2H10N2]0.5[Y2F7]:10% Eu and (b) Powder XRD
Pattern of [C2H10N2]0.5[Y2F7]
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4.03.2.1: Luminescence Properties of [C2H10N2]0.5[Y2(1-x)GdxF7] (YF-1:Gd)
The PL spectrum of YF-1: Gd samples shows a single dominant peak at 314 nm (FWHM ~ 4
nm) which can be assigned to the transition 6P7/2 → 8S7/2 in the Gd3+ ion (Figure 4.17). The
optimum PL excitation occurs at 246 nm,
Figure 4.17:- Luminescence Spectra of [C2H10N2]0.5[Y2F7]: 5% Gd
The cathodoluminescence (CL) spectrum shows the same dominant peak at 314 nm as for the
PL spectrum. However, the radioluminescence (RL) spectrum shows some deviation from the
PL and CL spectra. The RL spectrum shows a doublet around 314 nm and 317 nm. There are
three interpretations to be considered regarding these variations:
 The PL and CL spectra are created largely from the surface and initial depth of the
sample while the RL spectrum arises because of the greater penetration depth in the
materials. Therefore, CL and PL excite predominantly the surface and the RL excites
the whole sample which gives rise to the doublet peak. This may indicate that there is
another Gd phase in the bulk material (emitting at 317nm) which is absent in the
surface. Nevertheless, the XRD pattern of YF-1:Gd does not assign any secondary
phase. However, if there is another phase, it could be one of very small nanoparticles
which could not be detected in the X-ray experiments.
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 The higher incident power of RL could be exciting both non-equivalent Gd
crystallographic sites whereas PL and CL only excite one Gd site. This type of
mechanism leads to an interpretation of energy transformation between two Gd sites
would make a recombination pathway between these two Gd sites. High incident
power densities of RL generate a pathway that is energetically more feasible but
which produces a less favourable emission.
 RL shifts of Gd with compared to PL and CL may arise by modifying the structure
and the formation of “F centres” due to the high incident power of X-rays.
The compositional dependence of both PL and CL has been explored in detail. In the YF-
1:Gd system shows around 2% dopant level of Gd is the optimum dopant level for the YF-
1:Gd framework (Figure 4.18)
Figure 4.18:- Compositional dependence of [C2H10N2]0.5[Y2F7]:Gd PL and CL signals.
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4.03.2.2: Photoluminescence Properties of [C2H10N2]0.5[Y2(1-x) EuxF7] (YF-1:Eu)
The PL emission spectrum of [C2H10N2]0.5[Y2(1-x)EuxF7] (YF-1:Eu) is dominated by emissions
around 590 nm, 615 nm, 650 nm and 700 nm. These peaks correspond to transitions from the
excited 5D0 level to the 7FJ (J=0, 1, 2, 3, 4, 5) levels of the 4f 6 configuration (Figure 4.19).
The optimum excitation wavelength of 395 nm is used for all emission spectra, which
corresponds to the electronic transition of 7F0,1→ 5L6 (Figure 4.20). Because the 5D0 level is
not split by the crystal field (since J=0), the splitting of these emission transition lines yields
the crystal field splitting of the 7FJ levels.
Figure 4.19:- Photoluminescence Emission Spectrum of [C2H10N2]0.5[Y2F7]: 10% Eu
Monitored at 395 nm and 298 K
The site symmetry of the Eu3+ centre and relative intensities shows a direct relationship. If
Eu3+ occupies a crystal lattice site with inversion symmetry, optical transitions between levels
of the 4f n configuration are strictly forbidden as electric-dipole transitions. They can only
occur as the much weaker magnetic – dipole transitions which obey the selection rule ∆J = 0, 
± 1 (but J= 0 is forbidden) or as vibronic electric-dipole transitions9. If there is no inversion
symmetry at the Eu3+ site, the uneven crystal field components can mix opposite–parity states
into 4f 6 configurational levels. The electric – dipole transitions are now no longer strictly
forbidden and appear as weak lines in the spectra, the so-called forced electric-dipole
transitions. Some transitions, i.e. where ∆J = ±2, ±4, are hypersensitive to this effect10. Even
for small deviations from inversion symmetry, they dominate the spectrum.
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Figure 4.20:- Photoluminescence Excitation Spectrum of [C2H10N2]0.5[Y2F7]: 10% Eu with
emission in the 5D0 → 7F2 Transition of Eu3+ ion at 595 nm and 298 K
The intensity ratio analysis of the 5D0 → 7F1 and 5D0 → 7F2 transitions allows an insight into
the symmetry of the Eu site. The asymmetry ratio R = I590/I615 follows the evolution of the
5D0 → 7F2 transition, which is especially sensitive to the crystal field 9. R increases when the
covalent bonds with the neighbours are reinforced and when the point symmetry of the site
decreases. YF-1: Eu shows R ranges from 0.93 to 1.11 for Eu3+ contents in the range 1 – 25 %
(Table 4.10). In general, the 5D0 → 7F0 transition can be used to estimate the number of
crystallographically distinct Eu3+ sites 11. The YF-1: Eu Framework has two non-degenerate
sites both these are very similar and there is no clear dominant peak transition for 5D0 → 7F0.
Therefore, both sites would be expected to be substituted by Eu3+ and photoluminescence
spectroscopy cannot confirm this ambiguity.
The compositional dependence of photoluminescence for Eu3+ doped YF-1 has been
determined with respect to the excitation wavelength at 395 nm (7F0,1→ 5L6 ) and average
normalized intensities of most dominant peaks of 595 nm ( 5D0 → 7F1 ) and 614 nm ( 5D0 → 
7F2). The doping level of 10% Eu3+ ([C2H10N2]0.5[Y1.80Eu0.20F7]) shows the optimal
composition for the YF-1 framework system at room temperature (Figure 4.21).
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Doping Level of Eu3+
in [C2H10N2]0.5[Y2F7]
The asymmetry
ratio R = I590/I615
1 1.06
2 0.93
5 1.06
8 0.97
10 1.01
15 0.93
25 1.11
Table 4.10:- The “Asymmetry Ratio” R = I590/I615 of [C2H10N2]0.5[Y2F7]:Eu3+
Figure 4.21:- Compositional Dependence of [C2H10N2]0.5[Y2F7]: Eu3+ versus PL signal
4.03.2.3: Photoluminescence Properties of [C2H10N2]0.5[Y2(1-x)Tbx F7] (YF-1: Tb3+)
The PL emission spectrum of YF-1: Tb3+ shows characteristic sharp emission peaks at 490
nm, 545 nm, 590 nm, 620 nm and 700 nm. All doping levels show the similar profile and
there is no significant difference between the doping levels. The PL emission spectra
correspond to the 5D4 → 7FJ transitions in the Tb3+ ion and “Green Emission” of 545 nm is
the most dominant peak in all doping levels of YF-1:Tb which stand for the 5D4 → 7F5
(Figure 4.22). This peak is typically the most intense, as it corresponds to a transition that is
both magnetic-dipole and electric-dipole allowed12. The excitation spectrum consists of one
Chapter Four A New Family of Organically-Templated
Luminescent Lanthanide Fluoride Frameworks
100
broad band in the 310 - 500 nm region resulting from f-f transitions in Tb3+ ions. The optimal
excitation wavelength for the “Green Emission” is 370 nm (Figure 4.23).
Figure 4.22:- Photoluminescence emission spectrum of [C2H10N2]0.5[Y2F7]: 7% Tb3+
monitored at 370 nm and 298 K
The optimal doping level for the YF-1: Tb framework is 7 % as shown by compositional
dependence studies carried out at an excitation wavelength of 370 nm with respect to the
maximum emission wavelength of 545 nm ( 5D4 → 7F5 ) (Figure 4.24).
Figure 4.23:- Photoluminescence excitation spectrum of [C2H10N2]0.5[Y2F7]: 7% Tb with
emission in the 5D4 → 7F5 transition of the Eu3+ ion at 545 nm at 298 K
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Figure 4.24:- Compositional Dependence of [C2H10N2]0.5[Y2F7]: Tb3+ versus normalized PL
signal
4.03.2.4: Lifetime Measurements of [C2H10N2]0.5[Y1.9Tb0.2F7] (YF-1: 10%Tb)
Lifetime measurements were carried out for the photoluminescence decay spectrum of YF-1:
10% Tb (Figure 4.25). This reveals a relatively long Tb lifetime of 4.13 ms for the 545 nm
emission (5D4 → 7F5) at room temperature and excited at 370 nm. This compares favourably
to that in, for example, Y3GaO6: 10% Tb for the same transition (~ 1.24 ms) 13.
Figure 4.25:- Photoluminescence decay spectrum of YF-1:10%Tb at 298 K for the
5D4 → 7F5 transition.
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4.03.3: Thermoluminescence Properties of [C2H10N2]0.5[Yb1.98Eu0.02F7]
A thermoluminescence (TL) spectrum which includes temperature, wavelength and intensity
contains information regarding the release of charge from trapping sites at different
temperatures, which is related to the trap depth. Additionally, the measurement of the
emission spectra can reveal differences between the types of the recombination site and/or
distinguish between “electron” and “hole” release. TL data are sensitive to the effects of
thermal treatments, defect concentrations and association of defect complexes.
Figure 4.26:- The Thermoluminescence of [C2H10N2]0.5[Yb1.98Eu0.02F7]
The emission spectra primarily originate from the red transitions of the Eu3+ as descried in
section 4.03.2.2. The novel family of hybrid lanthanide fluoride, [C2H10N2]0.5[Yb2F7]:1% Eu,
has been studied in great depth regarding the temperature dependence of intrinsic
luminescence. TL signals were collected both at temperatures above room temperature and in
the low temperature range between 25 and 280 K. Note that the TL literature 14 emphasizes
that lower temperature data are well suited to detecting changes in both intrinsic and dopant
emission sites.
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There are numerous wavelength dependent differences between the low temperature
thermoluminescence curves. These variations are interpreted to show that there are ranges of
defect and luminescence sites in the [C2H10N2]0.5[Yb2F7]:1% Eu phosphors. These are
associated with the symmetry of the crystal field around the Eu3+, which is a function of the
phase content, i.e. it results from the framework of the hybrid materials and the exchange or
alteration of energy between lanthanides with or without an organic template. The dopant
lanthanide sites are prominent in terms of their emission spectra, but the stability of some sites
is enhanced by the presence of Eu3+ so that the TL peaks appear at higher temperatures than
the intrinsic defect TL of the host material.
There are major differences in intensity between the short wavelength signals and those from
the europium sites. For the weak signals, rather than using a single wavelength or temperature
channel for the slices, the signals were integrated over a range of temperature or spectral
channels of [C2H10N2]0.5[Yb2F7]:1%Eu (Figure 4.26).
However, the samples provide intense TL features with sharply defined red emission bands.
The bands are at wavelengths characteristic of Eu3+ transitions but the Eu lines are broadened
in the [C2H10N2]0.5[Yb2F7] host relative to those from atomic spectra. This emphasizes that the
radiative decay pathway is primarily via the dopant ions15. The low temperature TL
represented information regarding defect, defect changes in both intrinsic and dopant
emission sites 16 and luminescence sites, which may correspond to the 4-membered ring
window with non-degenerate two Yb sites (section 4.02.1) with exchangeable Eu3+ sites.
4.04: Summary
Solvothermal chemistry of a novel family of organically templated lanthanide luminescent
materials has been explored. Crystalline materials of composition [C2N2H10]0.5[Ln2F7] have
been prepared for Ln = Nd3+ and Eu3+ to Lu3+ and presence of parent phase,
[C2N2H10]0.5[Y2F7] within all these materials has been confirmed on the basis of single crystal
and powder X-ray diffraction data.
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Photo-, cathodo- and radioluminescence measurements of lanthanide doped (Gd3+, Eu3+ and
Tb3+) [C2N2H10]0.5[Y2F7] materials show characteristic UV, red and green emission
respectively.
This exploration of luminescent hybrid fluorides suggests a promising new route for
developing luminescent materials with novel architectures. This work has been published as
Anil C. A. Jayasundera, Adrian A. Finch, P. D. Townsend, and Philip Lightfoot,
“Hydrothermal synthesis and luminescent properties of a new family of organically templated
lanthanide fluorides”, J. Mater. Chem., 2007, 17, 4178
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5.0 Inorganic-Organic Hybrid Indium Fluoride phosphor and its Scandium
Analogue, [C4H14N2][MF5] (M = In, Sc)
5.01: Introduction
As discussed in Chapter One, lanthanide luminescent materials play a vital role in most
artificial light applications which are utilized at room temperature, for example cathode - ray
tubes, lamps and X-ray detectors1. Lanthanide fluorides such as YF3, LiYF4, NaYF4 and LaF3
have been widely studied for a variety of scientific and technological applications, such as
lasers, and energy storage phosphors. Fluorides of other elements such as fluorophilic smaller
trivalent cations of In3+ and Sc3+ may also have the potential to incorporate lanthanide cations
of interest.
Exploration of novel luminescent lanthanide-containing hybrid fluoride materials is the key
target of this work. Solvothermal synthetic methods, combined with the exploitation of
organic ‘structure-directing’ agents have been used for the preparation of luminescent
materials, rather than conventional high temperature solid state reaction 2. In this chapter, the
first organically-templated indium fluoride crystal structure is reported. Sc3+ and In3+ often
display similarities in solvothermal and structural chemistry 3. Therefore, the Sc analogue of
this hybrid indium fluoride has also been reported.
An inorganic-organic hybrid chain structure of indium fluoride and its scandium analogue,
[C4H14N2][MF5] (M = In, Sc) have been prepared. Subcritical solvothermal chemistry has
been utilized for the synthesis of these organically-templated indium fluorides, scandium
fluoride, lanthanide doped indium fluoride and lanthanide co-doped indium fluoride materials.
Photoluminescence properties have been explored for the luminescent lanthanide doped and
co-doped indium fluoride compounds.
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5.02: Experimental
5.02.1: Preparation of [C4H14N2][InF5]
[C4H14N2][InF5] has been synthesised by typical solvothermal reaction. Table 5.01 shows the
precursor materials for the synthesis.
Starting Materials Description of Starting Materials
Indium fluoride (InF3, 99.99%, Acros Organic)
Scandium oxide (Sc2O3, 99.999%, Stanford Materials)
Terbium(III) nitrate (Tb(NO3)3, 99.9%, ProChem)
Europium(III) oxide (Eu2O3, 99.99%, Aldrich)
Hydrofluoric acid (HF(aq), 48% wt, Aldrich)
Ethylene glycol (OH(CH2)2OH, 99%, Alfa-Aesar)
1,4-diaminobutane (DAB) (H2N(CH2)4NH2, 99.99%, Aldrich)
Distilled Water
Table 5.01:- List of Starting Materials for the Synthesis of [C4H14N2][MF5] (M = In, Sc) and
[C4H14N2][InF5]: Ln3+ (Ln3+=Tb3+ and/or Eu3+)
Typically, the reactants were used in an approximate molar ratio: 1 InF3: 20 organic template:
100 HF: 300 H2O:100 ethylene glycol InF3 (0.1717 g, 1 mmol) was placed into a
polypropylene bottle with 1.0 ml (50 mmol) HF (aq) and 5ml (280 mmol) H2O. This was
heated at 100 ˚C for 2 hours, and then the contents of the bottle were transferred to a Teflon-
lined stainless steel autoclave, with addition of 3 ml ethylene glycol, 3ml H2O and 2.0 ml (20
mmol) of DAB, to give a pH of 4. The autoclave was heated at 190˚C for 48 hours. The
product was filtered, washed with water and dried at room temperature to give colourless
plate-like crystals. Elemental analysis, obs. (calc.): C: 14.51% (16.02%), H: 4.81% (4.70%),
N: 9.41% (9.34%).
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5.02.2: Preparation of [C4H14N2][ScF5]
The scandium analogue of [C4H14N2][InF5], [C4H14N2][ScF5], has been synthesised using the
same procedure as mentioned above for the preparation of [C4H14N2][InF5]. Starting
materials were listed in Table 5.01.
Sc2O3 (0.1379 g, 1 mmol) was placed in a polypropylene bottle with 2.0 ml (100 mmol) HF
and 5ml (280 mmol) H2O. This was heated at 100 ˚C for 2 hour, and then the contents were
transferred into a Teflon-lined stainless steel autoclave, with addition of 5 ml (100 mmol)
ethylene glycol and 2.0 ml (20 mmol) of DAB to give a pH of 6. The autoclave was heated at
190 ˚C for three days. The product was filtered, washed with water and dried at room
temperature to give colourless crystals. Elemental analysis for [C4H14N2][ScF5] obs. (calc.):
C: 20.87% (20.88%), H: 5.99% (6.13%), N: 12.03% (12.17%).
5.02.3: Preparation of [C4H14N2][InF5]: Ln (Tb3+ and/or Eu3+)
Lanthanide doped indium fluoride chain structures and lanthanide co-doped indium fluoride
materials have been synthesised using a similar synthesis procedure as for the preparation of
the parent compound (section 5.02.1). Eu2O3, and Tb(NO3)3 (Table 5.01) were used as
sources of lanthanide dopants. These compounds are designated according to their idealised
lanthanide compositions in the host lattice structure. In the case of the lanthanide-doped and
co-doped materials, the samples studied are described in terms of their nominal compositions
based on the syntheses. Table 5.02 described the experimental composition and chemical
notation of the synthesised samples.
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Chemical
Formula
Notation of Ln3+ doped and co-
doped [C4H14N2][InF5]
[C4H14N2][In0.99Tb0.01F5] [C4H14N2][InF5]:1% Tb
[C4H14N2][In0.92Tb0.08F5] [C4H14N2][InF5]:8% Tb
[C4H14N2][In0.95Eu0.05F5] [C4H14N2][InF5]:5% Eu
[C4H14N2][In0.85Tb0.15F5] [C4H14N2][InF5]:15% Eu
[C4H14N2][In0.98Tb0.01Eu0.01F5] [C4H14N2][InF5]:1% Tb,1%Eu
[C4H14N2][In0.85Tb0.05Eu0.10F5] [C4H14N2][InF5]:5% Tb, 10%Eu
Table 5.02:- Examples of Lanthanide doped [C4H14N2][InF5] and Lanthanide co-doped
[C4H14N2][InF5] as Comparison of “Chemical Formula” and “Sample Notation”
5.02.4: Initial characterisation of [C4H14N2][InF5]: Ln (Tb3+ and/or Eu3+)
Crystallinity and phase purity were determined by powder X-ray diffraction (XRD) using a
Stoe STADI/P transmission diffractometer using CuKα1 radiation, with a 2θ range of 5º to
100º and a data collection time of 15 hours.
EDX/SEM (Jeol JSM 5600) qualitative measurements have been carried out to confirm
presence of dopant and co-dopant lanthanides (Eu and/or Tb) in the parent structure.
SEM/EDX quantitative (based on 20 independent analyses of each samples) measurements
for doped and co-doped lanthanides in the [C4H14N2][InF5] host have been analysed to
evaluate the real composition of dopant lanthanide in the host crystal structure.
5.02.5: Crystal Structure Determination for [C4H14N2][MF5] (M = In, Sc).
Single-crystal X-ray diffraction data were collected using synchrotron radiation on beam line
11.3.1 at the Advanced Light Source, Berkeley, USA, for [C4H14N2][InF5] and Rigaku
Mercury CCD equipped with graphite monochromated MoKα radiation for [C4H14N2][ScF5].
An absorption correction was applied in both cases. The structures were solved by direct
methods and refined by standard techniques, using the SHELX-97 and WinGX packages. All
non-hydrogen atoms were refined with anisotropic thermal parameters. Hydrogen atoms
attached to C and N were located at geometrically calculated positions and refined with
isotropic thermal parameters.
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5.02.6: Thermal Analysis of [C4H14N2][ScF5]
Themogravimetric analysis for [C4H14N2][ScF5] was carried out on a TA Instruments
SDT2960 dual TGA/DTA, in the temperature range 30 ˚C - 750 ˚C, under flowing N2 at a
heating rate of 5 ˚C min-1.
5.02.7: Solid State NMR studies of [C4H14N2][ScF5]
The 45Sc and 19F spectra were recorded on a Varian Infinity Plus 500 MHz spectrometer
using a Chemagnetics 3.2 mm HFXY probe with Larmor frequency of 121.450 MHz and
470.385 MHz, respectively. The 45Sc chemical shifts are reported with respect to an external
ScCl3 solution sample at (Sc = 0)4 and magic angle spinning at 12 kHz. The 19F spectral
reference was C6F6 (F = -166.4 ppm with respect to CFCl3). Spectra were recorded at a
magic angle spinning (MAS) of 23 kHz. The excitation pulse was selected as 1 s and the
Hahn echo sequence was used for 45Sc and a direct polarisation pulse of 4 s for 19F
acquisition. For 45Sc spectra both 1H and 19F decoupling was applied and for the 19F spectra,
1H decoupling. Analytical simulations were performed using DMFIT 5.
5.02.8: Photoluminescence Measurements of [C4H14N2][MF5]:Ln
(M = In, Sc, Ln = Tb3+ and / or Eu3+)
Photoluminescence experiments were performed at room temperature by using a SPEX
Fluorolog 2 photoluminescence spectrometer. The primary excitation is from a 450 W xenon
lamp, the radiation from which is passed through a 0.22 m SPEX 1680 monochromator to
achieve a monochromatic tunable spot. The luminescence from the sample is passed through a
0.22 m SPEX 1681 double monochromator and light intensity is measured using a red-
sensitive Hamamatsu R928 Photomultiplier Tube (PMT). Reflections of the primary radiation
are removed by a series of long-pass filters. The PMT is cooled by a Peltier device and the
emission spectrometer has a wavelength resolution of ~0.5 nm using the slit widths of the
present study. LabVIEW-based software written at the University of St Andrews has been
utilized for controlling the system of photoluminescence spectrometer 6. Excitation and
emission spectra were corrected for system response.
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5.02.9: Life -Time Measurements of [C4H14N2][InF5]: 5% Eu3+
The compositional dependence of Eu3+ dopant level of [C4H14N2][InF5] with normalized
photoluminescence intensity has been determined (section 5.03.4.1). The doping level of 5 %
Eu3+ [C4H14N2][In0.95Eu0.05F5] is shown as the optimal composition for the [C4H14N2][InF5]
chain structure at room temperature. Therefore, [C4H14N2][InF5]: 5% Eu3+ has been studied
for determination of life time decay. Lifetime measurements were made using UV excitation
from a bank of 8 Farnell 395nm UV LEDs, the radiation from which is passed through a
Comar 380 nm interference filter to remove a small amount of visible radiation. The LEDs are
powered by a benchtop supply controlled by a Thurlby Thandar TGP 110 pulse generator to
give pulsed primary UV radiation. The luminescence from the sample is passed through the
emission monochromator and the signal from the PMT is measured in the time domain using
a Becker-Hickl PMS-400A gated photon counting card controlled by software provided by
the manufacturers. The counting card has a minimum bin time of 250 ns, but analysis of the
radiation directly from the LED shows it has a 1 µs decay time when switched with a square
wave function. Hence resolution of luminescence decays with lifetimes <10 µs is not
attempted on this instrument.
5.03: Results and Discussion-
5.03.1 Crystal Structure of [C4H14N2][MF5] (M = In, Sc)
The single crystal data of [C4H14N2][MF5] (M = In, Sc) are summarised with the experimental
parameters as follows (Table 5.03).
The building unit of [C4H14N2][MF5] (M = In, Sc) includes one distinct octahedral M
crystallographic site with 222 point symmetry, and two distinct F sites (‘terminal’ and
‘bridging’ relative to the chain direction). Figure 5.01 shows the building unit, which
includes [C4H14N2]2+ cations situated on a crystallographic site of m symmetry.
Chapter Five Inorganic-Organic Hybrid Indium Fluoride phosphor and its
Scandium Analogue, [C4H14N2][MF5] (M = In, Sc)
112
Formula [C4H14N2][InF5] [C4H14N2][ScF5]
Fw 299.99 230.12
Space Group Ibam Ibam
a [Å] 9.324 (2) 9.353(3)
b [Å] 11.391(2) 11.433 (1)
c [Å] 8.401(2) 8.226(4)
V [Å3] 892.2(3) 879.7(5)
Z 4 4
T/K 150(2) 113(2)
 / Å 0.77490 0.70926
calc [g cm-3] 1.890 1.738
μ [mm-1] 2.660 0.869
Crystal Size [mm] Not measured 0.1 x 0.15 x 0.2
F(000) 584 472
Reflns Collected 4369 2280
Independent Reflns 708 451
Rint 0.0499 0.0313
Obsd Data [I>2σ(I)] 630 421
Data/Restraints/Parameters 708/0/35 451/0/35
GOF on F2 0.965 1.906
R1, wR2 (I>2 σ(I)) 0.0254, 0.0679 0.0415, 0.1173
R1, wR2 (all data) 0.0271, 0.0710 0.0571, 0.1656
Table 5.03:- Crystallographic Data for [C4H14N2][InF5] and [C4H14N2][ScF5]
Figure 5.01:- Building Unit of [C4H14N2][InF5] Symmetry operators:(i) 1 - x, -y, -z; (ii) 1 - x,
y, 1/2 - z; (iii) x, -y, 1/2 - z; and (iv) -x,-y, -z.
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The bridging M-F bond lengths are somewhat longer than the terminal ones as is normally
found in such structural moieties (Table 5.04 and Table 5.05).
Bond Distance/Å
In1 - F1 x 4 2.0486(18)
In1 - F2 x 2 2.1002(4)
N1 - C1 x 2 1.488(3)
C1 - C2 x 2 1.515(3)
C2 - C2 x 1 1.529(5)
Table 5.04:- Bond Lengths of [C4H14N2][InF5]
Bond Distance/Å
Sc1 - F1 x 4 2.007(2)
Sc1 - F2 x 2 2.0566(10)
N1 - C1 x 2 1.486(6)
C1 - C2 x 2 1.518(7)
C2 - C2 x 1 1.535(10)
Table 5.05:- Bond Lengths of [C4H14N2][ScF5]
Atom site x y z Uiso/Ueq / Å2
In (1) 4b 0.5000 0.0000 0.25000 0.00926(18)
F(1) 16k 0.3451(3) 0.1274(2) 0.25633(8) 0.0212(4)
F(2) 16k 0.5000 0.0000 0.5000 0.0254(11)
N(1) 8j 0.21058(17) 0.21360(15) 0.0000 0.0164(3)
C(1) 8j 0.06457(18) 0.16066(17) 0.0000 0.0169(4)
C(2) 8j 0.0746(2) 0.0277(3) 0.0000 0.0170(3)
Table 5.06:- Final Refined Atomic Parameters for [C4H14N2][InF5]
Atom site x y z Uiso/Ueq / Å2
Sc (1) 4b 0.5000 0.0000 0.25000 0.0079(5)
F(1) 16k 0.3491(2) 0.1247(2) 0.2566(2) 0.0164(7)
F(2) 16k 0.5000 0.0000 0.5000 0.0155(11)
N(1) 8j 0.2103(4) 0.2129(4) 0.0000 0.0125(10)
C(1) 8j 0.0647(5) 0.1607(5) 0.0000 0.0135(11)
C(2) 8j 0.0745(6) 0.0282(5) 0.0000 0.0148(11)
Table 5.07:- Final Refined Atomic Parameters for [C4H14N2][ScF5]
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Figure 5.02:- Crystal Packing of [C4H14N2][InF5], viewed down the [InF5] chain axis, (along
the c axis)
The indium fluoride chain and organic moieties are shown in Figure 5.02. The unit cell
packing and arrangement of this trans-vertex sharing [MF5] ∞ chain is a relatively common
architecture in fluoride structural chemistry (Figure 5.03). Inorganic fluoride types such as
AIIMIIIF5 (SrFeF5, BaGaF5 and Na2Ba3Cr4F20) and AI2MF5 (K2FeF5 and Rb2CrF5)7 and
organically templated types such as the scandium fluoride [C2H10N2][ScF5] 8 are some of
examples of existence of similar trans-vertex sharing [MF5] ∞ chain architectures. These
[MF5] ∞ chains run parallel to the c axis, and are separated by H- bonded [C4H14N2]2+ moieties
(Figure 5.04).
Figure 5.03:- Chain Structure of [C4H14N2][InF5](organic template is not shown)
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Figure 5.04:- 1, 4-diaminobutane (DAB) Template, H-bonded to InF6 Chain Structure in
[C4H14N2][InF5]
5.03.2: Thermogravimetric Analysis of [C4H14N2][ScF5]
The TGA/DTA of [C4H14N2][ScF5] (Figure 5.05) shows that a single step weight loss occurs
below 397 °C, which corresponds to a loss of the organic template (1,4-diaminobutane) and
HF.
[C4H14N2] [ScF5]  ScF3 + C4H12N2 + 2 HF
The residue of reaction was confirmed as ScF3 (PDF No. 00-044-1096) by powder XRD.
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Figure 5.05:- TGA/DTA of [C4H14N2][ScF5]
5.03.3: Solid State NMR studies of [C4H14N2][ScF5]
Scandium has a single naturally occurring isotope 45Sc with 100% abundance gyromagnetic
ratio of 6.50880 107 rad-1T-1S-1 and a spin value I=7/2. The 45Sc quadrupole moment (Q) is
moderate, 0.22 10-28 and with a receptivity of 1780 compared to 13C. These factors of 45Sc
act as a significant role in 45Sc NMR experiments. Kim et al. have reported that chemical shift
and quadrupole coupling constant of scandium oxides are sensitive to the local structure and
the isotropic chemical shift was dominated by its neighbour coordination environment with a
difference of 150 ppm being seen between six and eight-coordinated scandium4.
45Sc solid state NMR for scandium fluoride compounds is an emerging field, and still little
explored. For example, the isotropic chemical shift for ScF3 is reported at -52 ppm with the
quadrupole coupling constant, CQ, as 1.3 MHz 9. Scandium coordination environments and
the differentiation between bridging and planar fluorides can be obtained by 19F NMR. The
sensitivity and abundance of the fluoride ion (19F) in scandium fluorides means that much
more useful structural information can be obtained on scandium fluorides than the related
scandium oxide compounds, using 17O NMR.
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Figure 5.06 shows the 45Sc NMR of [C4H14N2][ScF5] with a typical line-shape dominated by
quadrupolar interaction. DMFIT analysis gives values CQ = 9.01 MHz, η= 0.06 and δiso= -8.09
ppm. According to these values we can infer only one 45Sc species in [C4H14N2][ScF5], which
is observed from the XRD analysis. The small additional peak close to –50 ppm is consistent
with a trace amount of ScF3 impurity which may be undetectable by X-ray analysis.
Figure 5.06:- The Experimental (full line) and Fitted (dashed line) 45Sc Solid State NMR
Spectrum of [C4H14N2][ScF5] with 19F Decoupling.
The 19F spectrum shows two signals, one assigned to the terminal fluorine, F(1), due its
intensity, at –52.3 ppm and a ½=2.7 kHz and one at -69.9 ppm with ½=1.8 kHz, assigned to
the bridging fluorine, F(2). Integral values of 4 and 1 (including the spinning sideband
intensities) are consistent with the crystal structure of [C4H14N2][ScF5] (Figure 5.07). This
suggests that the 19F NMR spectrum reflects the crystallographic information and
differentiates between the planar and bridging fluorine as, for example, in CaAlF510. 19F-45Sc
coupling may be observed in the 19F spectra, but this is not often observed due to the line
width, which is often broadened due to fast quadrupolar relaxation.
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Figure 5.07:- The 19F 23 kHz MAS NMR Spectrum of [C4H14N2][ScF5]. (Signals with
asterisks are spinning sidebands, and integration of these signals and sidebands give a ratio of
4:1 for signals at –52.3 and –69.9 ppm respectively.)
5.03.4: Photoluminescence Properties
Lanthanide (Eu3+ and Tb3+) doped and lanthanide co-doped [C4H14N2][InF5] samples were
characterised by photoluminescence spectroscopy. Lanthanide doped (singly doped) indium
fluoride compounds, [C4H14N2][InF5]: Tb3+ or Eu3+, were analysed as a preliminary study of
the luminescence properties for all these luminescent materials.
5.03.4.1 Photoluminescence of [C4H14N2][InF5]: Eu3+
Quantitative analyses for Eu3+ doped indium fluorides have been studied by powder X-ray
diffraction and SEM/EDX analysis. All the doping levels show the presence of dopant Eu3+ in
the synthesised [C4H14N2][InF5]: Eu3+ and these have been verified by SEM/EDX (Figure
5.08 and Figure 5.09).
Chapter Five Inorganic-Organic Hybrid Indium Fluoride phosphor and its
Scandium Analogue, [C4H14N2][MF5] (M = In, Sc)
119
Figure 5.08:- SEM Images of [C4H14N2][InF5]:10% Eu3+
Figure 5.09:- SEM/EDX of [C4H14N2][InF5]:10% Eu3+
Differentiations of parent phase of [C4H14N2][InF5] have been focused for these qualitative
analyses. According to the powder XRD, no impurity phases can be found up to
[C4H14N2][InF5]:20% Eu3+ (Figure 5.10). Table 5.08 shows the phases present in the Eu3+
doped materials with their doping level.
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Figure 5.10:- Comparison of Powder X-ray Diffraction Pattern of [C4H14N2][InF5]:20% Eu3+
(above) and Powder X-ray Diffraction Pattern for [C4H14N2][InF5] (below)
[C4H14N2][InF5]: Eu3+ Phase
[C4H14N2][InF5]:1% Eu3+ [C4H14N2][InF5]
[C4H14N2][InF5]:3% Eu3+ [C4H14N2][InF5]
[C4H14N2][InF5]:5% Eu3+ [C4H14N2][InF5]
[C4H14N2][InF5]:8% Eu3+ [C4H14N2][InF5]
[C4H14N2][InF5]:10% Eu3+ [C4H14N2][InF5]
[C4H14N2][InF5]:15% Eu3+ [C4H14N2][InF5]
[C4H14N2][InF5]:20% Eu3+ [C4H14N2][InF5]
[C4H14N2][InF5]:25% Eu3+ InF3 + [C4H14N2][InF5]
[C4H14N2][InF5]:50% Eu3+ InF3
Table 5.08:- Extent of stability of Parent Phase of [C4H14N2][InF5] within Eu3+ doped
[C4H14N2][InF5]
Beyond the doping level of [C4H14N2][InF5]:20% Eu3+, the [C4H14N2][InF5] phase becomes
unstable and [C4H14N2][InF5]: 50% Eu3+ shows InF3 (PDF No. 00-017-0766) (Figure 5.11)
as the predominant phase.
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[C4H14N2][InF5]:50%Eu3+
InF3
Figure 5.11:- Experimental (above) and Simulated (below) Powder X-ray Diffraction
Patterns for [C4H14N2][InF5]:50% Eu3+. (In this case the product is predominantly InF3 with
some impurity phases)
Quantitative analysis of the true Eu3+ doping levels in Eu3+ doped [C4H14N2][InF5] has been
carried out. At least 20 SEM/EDX measurements of each sample for all doping levels have
been analysed. Figure 5.12 and Table 5.09 show the real doping percentage vs. ideal doping
level of each [C4H14N2][InF5]:Eu3+ material.
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Figure 5.12:- Calibration of Nominal Dopant Levels Based on the Synthesis, to SEM/EDX
determined Eu Content for Eu3+ doped [C4H14N2][InF5]
Theoretical Doping
Level of
[C4H14N2][InF5]:Eu3+
Theoretical
Chemical
Formula
Experimental Doping
Level of
[C4H14N2][InF5]:Eu3+
Experimental
Chemical
Formula
0.0 % [C4H14N2][InF5] 0.00 %
[C4H14N2][InF5]
1.0 % [C4H14N2][In0.99Eu0.01F5]
0.06 % [C4H14N2][In0.9994Eu0.0006F5]
3.0 % [C4H14N2][In0.97Eu0.03F5]
0.11 % [C4H14N2][In0.9989Eu0.0011F5]
5.0 % [C4H14N2][In0.95Eu0.05F5]
0.95 % [C4H14N2][In0.9905Eu0.0095F5]
10.0 % [C4H14N2][In0.90Eu0.10F5]
3.27 % [C4H14N2][In0.9673Eu0.0327F5]
Table 5.09:- Comparison of Experimental Doping Level and Theoretical Doping Level of
[C4H14N2][InF5]:Eu3+
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Qualitative analyses of SEM/EDX measurements have revealed the crystallographic
deference between the Eu3+ doped [C4H14N2][InF5] samples and pure [C4H14N2][InF5]. The
compositional difference between ideal chemical formula and experimental (real) chemical
formula which is determined by SEM/EDX measurements (Table 5.09) are very small and
that of Eu3+ doped [C4H14N2][InF5]samples and parent [C4H14N2][InF5] shows no drastic
change. Therefore, crystallographic characteristic of Eu3+ doped samples show similar
characters with parent [C4H14N2][InF5].
The photoluminescence excitation spectrum, collected at room temperature of
[C4H14N2][InF5]:5% Eu3+ is dominated by a series of sharp lines assigned to the 7F0,1 → 5H6,
5D4, 5G2, 5L6, 5D3, and 5D2 Eu3+ intra-4f transitions11. The optimal electronic transition of
7F0,1→ 5L6 corresponds to the excitation wavelength 395 nm (Figure: 5.13). Eu3+ shows
effective absorption of ultraviolet radiation through a series of electronic transitions which
can be deactivated from 5D0 to the multiplet 7FJ states radiatively via emission of visible
radiation.
Figure 5.13:- Photoluminescence Excitation Spectrum of [C4H14N2][InF5]: 5% Eu3+ with
Emission in the 5D0 → 7F2 Transition of Eu3+ ion at 595 nm and 298 K
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Characteristic Eu3+ ion emission intensities from excitation at 395 nm are shown in
[C4H14N2][InF5]: Eu3+. Figure 5.14 shows the transitions from the excited 5D0 state to the
different J levels of the lower 7FJ state which are observed in the emission spectrum (J =
0−4): 5D0 → 7F0 at 578.0 nm, 5D0 → 7F1 at 592.5 nm, 5D0 → 7F2 at 614.0 nm, 5D0 → 7F3 at
650.5 nm, and 5D0 → 7F4 at 698.5 nm.
Figure 5.14: Photoluminescence Emission Spectrum of [C4H14N2][InF5]: 5% Eu3+ monitored
at 395 nm and 298 K
The site symmetry of the Eu3+ centre and relative intensities show a direct relationship. A
series of lines of the photoluminescence spectrum of [C4H14N2][InF5]: Eu3+ shows some
information regarding the crystallography of material. The 5D0 → 7F0 (578 nm) transition
cannot be split by the crystal field, and its profile gives information on the number of different
coordination sites accommodating the Eu3+ ion. The presence of a single 5D0 → 7F0 band,
characterised by a Lorentzian shape in the high-resolution luminescence spectrum of the
[C4H14N2][InF5]:Eu3+, indicates that the Eu3+ ion occupies a single site (Figure 5.15).
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The 5D0 → 7F1 transition of Eu3+ is of magnetic-dipole nature and insensitive to site
symmetry, while 5D0 → 7F2 is of electric-dipole nature and very sensitive to site symmetry12.
The emission intensity of the 5D0 → 7F1 transition is much stronger than that of the 5D0 → 7F2
transition (Figure 5.15 and Table 5.10), consistent with Eu3+ ions at a high-symmetry site in
the crystal structure. The so-called “asymmetry ratio” R = I590/I615 which corresponds to the
above 5D0 → 7F2 and 5D0 → 7F1 transitions gives a clear picture of the sensitivity for crystal
field effects of the compound.
Doping Level of
Eu3+ in
[C2H10N2]0.5[Y2F7]
The asymmetry ratio
R = I590/I615
1 2.44
3 2.51
5 2.46
8 2.46
10 2.50
15 2.58
20 2.45
Table 5.10:- The Asymmetry Ratio R = I590/I615 of [C4H14N2][InF5]:Eu3+
The In site has D2 (222) point symmetry, although the actual geometry is also very close to
centrosymmetric. A single Eu3+ at a 222 point symmetry site should allow the 5D0 → 7FJ
energy bands to be split into 2J + 1 sublevels (Stark sublevels). The photoluminescence
spectrum shows three sub-peaks of [C4H14N2][InF5]:Eu3+ at the 585 nm emission which
corresponds to 5D0 → 7F1 (J = 1) (Figure 5.15) and five sub-peaks for the transition of 5D0 → 
7F2 (Figure 5.15) at 614 nm (J = 2). The above photoluminescence results support the
suggestion that the Eu3+ ions are accommodated at the In sites.
The compositional dependence of normalized photoluminescence intensity with Eu3+ dopant
level in [C4H14N2][InF5] has been determined with respect to the excitation transition of
7F0,1→ 5L6 at 395 nm and the most dominant photoluminescence intensity of 595 nm (5D0 → 
7F1). The nominal doping level of 5 % Eu3+ [C4H14N2][In0.95Eu0.05F5] is shown to be the
optimal composition for the [C4H14N2][InF5] structure at room temperature (Figure 5.16).
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Figure: 5.15:- Stark Splittings of the 5D0 → 7FJ Transitions, showing the expected (2J + 1)
Lines for 222 Site Symmetry.
Figure 5.16:- Compositional Dependence of [C4H14N2][InF5]: Eu3+ versus
Photoluminescence Intensity
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The photoluminescence decay curves of [C4H14N2][InF5]: 5% Eu3+ were obtained at room
temperature (298 K). The decay curves are well fitted into a single-exponential function as I =
I0 exp(−t/τ), consistent with one average local environment of Eu3+ sites in the structure
(Figure 5.17). [C4H14N2][InF5]: 5% Eu3+ has a relatively long luminescence lifetime with
1.24 ms which compares well to other Eu3+ complexes13. This illustrates that non-radiative
transitions are not dominating the decay properties.
Figure 5.17:- Luminescence Decay Curve for [C4H14N2][InF5]:5% Eu3+
5.03.4.2 Photoluminescence of [C4H14N2][InF5]:Tb3+
Tb3+ doped indium fluorides, [C4H14N2][InF5]: Tb3+, have been qualitatively analysed by
powder X-ray diffraction and SEM/EDX analysis. Doping levels from 1% to 100%
[C4H14N2][InF5]:Tb3+ have been attempted and are evaluated in terms of the parent phase of
[C4H14N2] [InF5] (Figure 5.18 and Figure 5.19).
Figure: 5.18:- SEM Image of [C4H14N2][InF5]: 15% Tb3+
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Figure 5.19:- SEM/EDX Image of [C4H14N2][InF5]:15% Tb3+
Qualitative analysis of powder XRD have been performed to evaluate the purity of Tb3+
doped indium fluorides, [C4H14N2][InF5]: Tb3+. According to the powder XRD, there are no
impurity phases up to a doping level [C4H14N2][InF5]:15% Tb3+ (Figure 5.20). Table 5.11
shows the phases produced in the Tb3+ doped materials, together with their doping level.
Figure 5.20:- Comparison of Powder X-ray Diffraction Pattern of [C4H14N2][InF5]:15% Tb3+
(above) and Powder X-ray Diffraction Pattern for [C4H14N2][InF5] (below)
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[C4H14N2][InF5]: Tb3+ Phase
[C4H14N2][InF5]:1% Tb3+ [C4H14N2][InF5]
[C4H14N2][InF5]:3% Tb3+ [C4H14N2][InF5]
[C4H14N2][InF5]:5% Tb3+ [C4H14N2][InF5]
[C4H14N2][InF5]:8% Tb3+ [C4H14N2][InF5]
[C4H14N2][InF5]:10% Tb3+ [C4H14N2][InF5]
[C4H14N2][InF5]:15% Tb3+ [C4H14N2][InF5]
[C4H14N2][InF5]:20% Tb3+ InF3
Table 5.11:- Stability of Parent Phase of [C4H14N2][InF5] within Tb3+ doped [C4H14N2][InF5]
Beyond the doping level of [C4H14N2][InF5]:15% Tb3+, the predominant phase has changed
from the chain structure to InF3 (PDF No. 00-017-0766) (Figure 5.21).
Figure 5.21:- Experimental (above) and Simulated (below) Powder X-ray Diffraction
Patterns for [C4H14N2][InF5]:20% Tb3+. (In this case the product is predominantly InF3)
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A comparison between the experimentally determined doping level and nominal doping level
has been performed by quantitative analysis using SEM/EDX. Around twenty SEM/EDX
measurements of each doping level have been analysed for all doping levels from 1% Tb3+ to
15% Tb3+. Figure 5.22 and Table 5.12 show the real Tb3+ doping percentage, as Tb which
observed by SEM/EDX, versus the ideal doping level, based on the synthesis, for each Tb3+
doped [C4H14N2][InF5] material.
Figure 5.22:- Calibration of Nominal Dopant Levels based on the Synthesis, to EDX-
determined Tb Content for Tb3+ Doped [C4H14N2][InF5]
Qualitative analyses of SEM/EDX measurements have revealed the compositional difference
between the Tb3+ doped [C4H14N2][InF5] samples and pure [C4H14N2][InF5]. The
compositional differences between ideal chemical formula and experimental (real) chemical
formula which is determined by SEM/EDX measurements (Table 5.12) are very small and
that of Tb3+ doped [C4H14N2][InF5] samples and parent [C4H14N2][InF5] shows no drastic
change. Therefore, crystallographic characteristic of Tb3+ doped samples show similar
characters with parent [C4H14N2][InF5], apart from the luminescence properties.
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Theoretical Doping
Level of
[C4H14N2][InF5]:Tb3+
Theoretical
Chemical
Formula
Experimental Doping
Level of
[C4H14N2][InF5]:Tb3+
Experimental
Chemical
Formula
0.0 % [C4H14N2][InF5] 0.00 % [C4H14N2][InF5]
1.0 % [C4H14N2][In0.99Tb0.01F5]
0.08 % [C4H14N2][In0.9994Tb0.0008F5]
3.0 % [C4H14N2][In0.97Tb0.03F5]
0.19 % [C4H14N2][In0.9989Tb0.0019F5]
5.0 % [C4H14N2][In0.95Tb0.05F5]
0.28 % [C4H14N2][In0.9905Tb0.0028F5]
8.0 % [C4H14N2][In0.90Tb0.08F5]
0.72 % [C4H14N2][In0.9673Tb0.0072F5]
10.0 % [C4H14N2][In0.90Tb0.10F5]
2.04 % [C4H14N2][In0.9673Tb0.0204F5]
Table 5.12:- Comparison of Experimental Doping Level and Theoretical Doping Level of
[C4H14N2][InF5]:Tb3+
Figure 5.23:- Photoluminescence Emission Spectrum of [C4H14N2][InF5]: 8% Tb3+ monitored
at 272 nm and 298 K
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The photoluminescence emission spectrum of [C4H14N2][InF5]: 8% Tb3+ is dominated by the
green 5D4 → 7F5 transition at 543.5 nm. The other bands at 489 nm, 587 nm, 619.5 nm and
690 nm correspond to transitions from the 5D4 → 7F6, 7F4, 7F3, and 7F2 levels13, respectively
(Figure 5.23). The excitation spectrum of [C4H14N2][InF5]: 8% Tb3+ shows a dominant peak
at 272 nm (Figure 5.24)
Figure 5.24:- Photoluminescence Excitation Spectrum of [C4H14N2][InF5]: 8% Tb3+ with
Emission in 5D4 → 7F5 Transition of Tb3+ ion at 272 nm and 298 K
The compositional dependence of normalized photoluminescence intensity of [C4H14N2][InF5]
with Tb3+ dopant level with has been determined with respect to the emission transition 5D4
→ 
7F5 at 543.5 nm and excitation wavelength at 272 nm. A doping level of 8% Tb3+
[C4H14N2][In0.92Tb0.08F5] (approximately) is shown to be the optimal composition for
photoluminescence in [C4H14N2][InF5] at room temperature (Figure 5.25).
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Figure 5.25: Compositional Dependence of [C4H14N2][InF5]: Tb3+ versus Photoluminescence
Intensity.
5.03.4.3 Photoluminescence of Eu3+ / Tb3+ Co-doped [C4H14N2][InF5]
Lanthanide co-doped luminescent materials have been explored to enhance the efficiency of
luminescence properties. Understanding the mechanism of energy transfer between dopant
lanthanide and host structure can be helped by examining co-doped materials.
[C4H14N2][InF5] samples with different dopant levels of lanthanide cations Eu3+ and Tb3+ were
studied by photoluminescence spectroscopy.
Eu3+ and Tb3+ co-doped [C4H14N2][InF5] samples can be probed according to the
characteristic changes which can be observed in their emission and excitation spectra. These
explorations were initiated from a co-doped material of nominal composition
[C4H14N2][InF5]: 1% Eu3+ / 1% Tb3+. The powder XRD pattern of [C4H14N2][InF5]: 1% Eu3+ /
1% Tb3+ confirms the presence of the parent phase [C4H14N2][InF5] within this co-doping
level (Figure 5.26). Both absorption and emission spectra of co-doped [C4H14N2][InF5]: 1%
Eu3+ / 1%Tb3+ are dominated by the characteristic electronic transitions of Eu3+(Figure 5.27).
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Figure 5.26:- Comparison of Powder X-ray Diffraction Pattern of [C4H14N2][InF5]:1% Eu3+,
1% Tb3+ (above) and Powder X-ray Diffraction Pattern for [C4H14N2][InF5] (below)
Figure 5.27:- Photoluminescence Spectra of [C4H14N2][InF5]: 1% Eu3+ / 1%Tb3+ at 298 nm:
(a) Excitation Spectrum with Emission in the 5D0→ 7F1 Transition of the Eu3+ ion at 592.5 nm
and (b) Emission Spectrum monitored from 7F0,1→ 5L6 Electronic Transition of Eu3+ at 395
nm.
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When comparing the most intense energy transition band, 5D0→ 5F1, of Eu3+ doped and co-
doped Eu3+ / Tb3+ compound, [C4H14N2][InF5]: 1% Eu3+ 1% Tb3+, shows more than double
the intensity of that of single Eu3+ doped material, [C4H14N2][InF5]: 1% Eu3+ (Figure 5.28).
This suggests that the Tb3+ ion is enhancing the efficiency of the luminescence due to the
presence of Eu3+. In these co-doped materials, energy is absorbed by the Eu3+ ion, transferred
to Tb3+ and returned to Eu3+. Such energy transfer can take place directly from Tb3+ to Eu3+ or
via the host lattice.
Figure 5.28:- Enhancement of Eu3+ luminescence by Tb3+ in Co-doped Eu3+ / Tb3+
[C4H14N2][InF5]
Further exploration of different doping levels of Eu3+ and Tb3+ co-doped have been
performed to understand the energy transfer process of co-doped [C4H14N2][InF5]. Table 5.13
shows the quantitative analyses of selected co-doped samples. Eu3+ and Tb3+ co-doped
[C4H14N2][InF5] samples can accommodate much higher amounts of lanthanide dopants, Eu3+
and Tb3+, than the corresponding Eu3+ or Tb3+ single doped [C4H14N2][InF5] samples.
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Chemical Formula
Theoretical Co-Doping
Level of Eu3+ and Tb3+
Experimental Co-Doping
Level of Eu3+ and Tb3+
[C4H14N2][InF5]: 5% Eu3+ and 0%Tb3+ 5%, 0% 0.9%, 0.0%
[C4H14N2][InF5]: 1% Eu3+ and 1%Tb3+ 1%, 1% 0.09%, 0.07%
[C4H14N2][InF5]: 1% Eu3+ and 15%Tb3+ 1%, 15% 0.3%, 6.1%
[C4H14N2][InF5]: 1% Eu3+ and 20%Tb3+ 1%, 20% 0.7%, 9.5%
[C4H14N2][InF5]: 0% Eu3+ and 8%Tb3+ 0%, 8% 0.0%, 0.7%
Table 5.13:- Comparison of Experimental Doping Level and Theoretical Doping Level of
Eu3+ / Tb3+ Co-doped [C4H14N2][InF5]
When increasing the doping level of Eu3+ with respect to the constant Tb3+ doping level of
1%, the transition characteristics remain as typical Eu3+ energy transitions. Therefore,
increasing doping level of Tb3+ with respect to the constant Eu3+ doping level 1% has been
performed. The photoluminescence of [C4H14N2][InF5]: 1% Eu3+ 15% Tb 3+ shows a
combination of Tb3+ and Eu3+ absorption and a combination of Eu3+ and Tb3+ emission
(Figure 5.28) spectrum.
Figure 5.28:- Photoluminescence Spectra of [C4H14N2][InF5]: 1% Eu3+ / 15%Tb3+ at 298 K:
(a) Excitation Spectrum with Emission in the 5D0→ 7F1 Transition of the Eu3+ ion at 592.5 nm
and (b) Emission Spectrum monitored from 7F0,1→ 5L6 Electronic Transition of Eu3+ at 395
nm.
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[C4H14N2][InF5]: 1% Eu3+ 20% Tb3+ is dominated by Tb3+ excitation, with no Eu3+ absorption.
However, the emission spectrum shows a strong combination of Tb3+ and Eu3+ characters
(Figure 5.29). The most dominant transition bands of 5D0 → 7F1 at 587 nm, 5D0 → 7F2 at 595
nm and 5D0 → 7F3 at 614 nm for Eu3+ and the 5D4 → 7F5 at 543 nm characteristic transition
for Tb3+ ion are clearly identified in the combined emission spectrum of Tb3+ and Eu3+. These
transitions illustrate that Tb3+ acts as a sensitizer for Eu3+ emission at this co-doping level in
[C4H14N2][InF5]: 1% Eu3+ / 20% Tb3+.
Figure 5.29:- Photoluminescence Spectra of [C4H14N2][InF5]: 1% Eu3+ / 20%Tb3+ at 298 K:
(a) Excitation Spectrum with Emission in the 5D0→ 7F1 Transition of the Eu3+ ion at 592.5 nm
and (b) Emission Spectrum monitored from at 353 nm.
Further explorations were restricted because of the unavailability of the parent phase of
[C4H14N2][InF5] beyond the co-doping level of [C4H14N2][InF5]: 1% Eu3+ / 25%Tb3+ .
Characteristic Eu3+ and Tb3+ energy transitions for different doping and co-doping levels can
be clearly shown in Figure 5.30. Table 5.14 shows the differentiation of characteristic
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features of emission and excitation spectra with respect to the various co-doping level of Eu3+
and Tb 3+ [C4H14N2][InF5]
Eu3+ and Tb3+Co-
doped
Luminescent
[C4H14N2][InF5]
Phase
Characteristic Eu3+
and/or Tb3+energy
transition in Excitation
Spectrum
Characteristic
Eu3+ and/or
Tb3+energy
transition in
Emission
Spectrum
[C4H14N2][InF5]:
5% Eu3+ and
0%Tb3+
[C4H14N2][InF5] Eu3+ Eu3+
[C4H14N2][InF5]:
1% Eu3+ and
1%Tb3+
[C4H14N2][InF5] Eu3+ Eu3+
[C4H14N2][InF5]:
5% Eu3+ and
1%Tb3+
[C4H14N2][InF5] Eu3+ Eu3+
[C4H14N2][InF5]:
1% Eu3+ and
15%Tb3+
[C4H14N2][InF5] Eu3+ and Tb3+ Eu3+ and Tb3+
[C4H14N2][InF5]:
1% Eu3+ and
20%Tb3+
[C4H14N2][InF5] Tb3+ Eu3+ and Tb3+
[C4H14N2][InF5]:
1% Eu3+ and
25%Tb3+
InF3
[C4H14N2][InF5]:
0% Eu3+ and
8%Tb3+
[C4H14N2][InF5] Tb3+ Tb3+
Table 5.14:- Characteristic features of Emission and Excitation spectrum of Eu3+ and Tb3+
Co-doped [C4H14N2][InF5]
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Figure 5.30:- Some Selected Compositions of Eu3+ and Tb3+ co-doped [C4H14N2][InF5]:(a)
Excitation, (b) Emission Spectra
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5.04: Summary
The novel inorganic-organic hybrid indium fluoride and its scandium analogue,
[C4H14N2][MF5](M= In, Sc) have been prepared and investigated. Lanthanide (Eu3+ or Tb3+)
doped [C4H14N2][InF5] phosphors show optimum photoluminescence at doping level of 5%
Eu3+ or 8% Tb3+, respectively.
The presence of one crystallographic site of the lanthanide dopant has verified by lifetime
measurements and by the absence of a doublet in the energy transition of 5D0 → 7F0. The
asymmetric ratio is consistent with that site having the same point symmetry as In3+ or Sc3+ in
the crystal structure of [C4H14N2][InF5].
By varying the Eu3+ and Tb3+ dopant content of co-doped [C4H14N2][InF5]:Eu3+ / Tb3+ it is
shown that Tb3+ acts as an efficient sensitiser to the Eu3+ activator in the co-doped indium
fluoride.
This work has been published as Anil C. A. Jayasundera, Adrian A. Finch, Philip Wormald,
and Philip Lightfoot, “Solvothermal Synthesis and Luminescent Properties of Two
Organically Templated Chain-Structure Fluorides, [C4H14N2][MF5] (M = In, Sc)”, Chem.
Mater., 2008, 20, 6810
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6.0 Novel Fluoride Materials
The exploration of novel luminescent inorganic-organic hybrid fluoride materials is the main
target of this research (Chapter One). Enhancement of luminescent materials by developing
novel crystal structures with unique architectures is the initial stage. Introducing new crystal
structures may pave the way for exploration of not only luminescent properties but also
electrical properties and optical properties. In this Chapter, exploration of novel yttrium,
aluminium, strontium, scandium, indium, and zirconium fluoride syntheses, leading to novel
crystal structures, will be considered.
6.01. Solvothermal synthesis and Luminescence Properties of a Novel Yttrium
Fluoride Framework
6.01.1 Introduction
As described in Chapter One, lanthanide chemistry has become a fruitful area of solid state
chemistry for the preparation, enhancement and application of inorganic phosphors in, for
example, computer screens or TV monitors 1.
Hydrothermal syntheses of hybrid solids plays an increasing role in functional materials,
especially in the area of magnetic and optical materials. In Chapter Four, the first organically
templated yttrium fluoride framework and its lanthanide analogues have been reported. A new
family of these lanthanide fluorides has been developed as luminescent materials.
In this section 6.01, further inorganic-organic hybrid yttrium fluorides have been explored
and the solvothermal synthesis and characterisation of a new yttrium fluoride, [NH4][Y2F7] is
reported. Photoluminescence properties of lanthanide doped [NH4][Y2F7] have also been
explored.
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6.01.2 Experimental
6.01.2.1 Synthesis of [NH4][Y2F7]
[NH4][Y2F7] has been synthesised by typical solvothermal reaction. The starting materials
were YF3 (99.99%, Aldrich), HF (HF(aq) 48% wt, Aldrich), ethylene glycol (OH(CH2)2OH,
99%, Alfa-Aesar), H2O and organic template (1, 4-diaminobutane / (H2N(CH2)4NH2, 99.99%,
Aldrich). A typical synthesis was carried out using the following molar ratio: 1.0 Y: 20 1, 4-
diaminobutane: 100 HF: 300 H2O: 100 ethylene glycol.
0.1459 g (1 mmol) YF3.H2O, 5 ml H2O and 2 ml HF (100 mmol) were heated in a
polypropylene bottle at 100 ˚C for 1 hour. The contents were transferred to a Teflon-lined
stainless steel autoclave, washing with 5 ml ethylene glycol (100 mmol). 2.00 ml (20 mmol)
1, 4-diaminobutane was added to give a gel with a pH of 6, which was heated at 190 ˚C for 2
days. The pH at the end of this period was 6. The white polycrystalline product was washed
with water, filtered and dried at room temperature. Elemental analysis for [NH4][Y2F7] obs.
(calc.): C: 0.03% (0%), H: 0.78% (1.23%), N: 4.19% (4.26%).
6.01.2.2 Preparation of [NH4][Y2F7]:Dy3+
Lanthanide (Dy3+) doped material has been synthesised using a similar synthesis procedure as
for the preparation of the parent compound, [NH4][Y2F7] (section 6.01.2.1). Dy(NO3)3.5H2O
was used as the Dy3+ source. These compounds are designated according to their idealised
lanthanide compositions in the host lattice structure, for example, the experimental
composition of [NH4][Y1.9Dy0.1F7] is described as [NH4][Y2F7]:5% Dy3+.
6.01.2.3 Initial Characterisation of [NH4][Y2F7]
The powder X-ray diffraction (XRD) pattern of Dy3+ doped [NH4][Y2F7] was studied to verify
the preparation of the parent phase of [NH4][Y2F7] by using a Stoe STADI/P transmission
diffractometer with CuKα1 radiation, with a 2θ range of 5º to 100º and a data collection time
of 15 hours.
EDX/SEM (Jeol JSM 5600) qualitative measurements have been carried out to confirm the
presence of dopant lanthanide (Dy) in the parent structure, [NH4][Y2F7] (Figure 6.01).
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Figure 6.01:- Qualitative Analysis using SEM/EDX for [NH4][Y2F7]:5% Dy3+
6.01.2.4 Photoluminescence Studies
Photoluminescence experiments were performed at room temperature by using the same
procedure as mentioned in section 5.02.8.
6.01.3 Results and Discussion
6.01.3.1 Crystal structure of [NH4][Y2F7]
The crystal structure of [NH4][Y2F7] has been studied by using single crystal data (Table
6.01) and powder diffraction refinements. According to the single crystal data (Table 6.01),
the unit cell is hexagonal, with a space group of P63/m or P6322 being the more likely. Full
structure determination has not yet been possible; it appears that the crystals may be twinned.
Formula [NH4][Y2F7]
Fw 328.84
Crystal System Hexagonal
a [Å] 7.662(1)
b [Å] 7.662(1)
c [Å] 11.433(1)
V [Å3] 607.357(1)
 120.00
T/K 93(2)
Table 6.01:- Crystallographic Data of [NH4][Y2F7]
Chapter Six Novel Fluoride Materials
145
However, a new phase can be verified by examining the powder XRD pattern of [NH4][Y2F7]
(Figure 6.03). Elemental analysis shows the absence of carbon suggesting that the organic
template (1,4-diaminobutane) has broken down in situ to NH4+. The powder diffraction
pattern of [NH4][Y2F7] and that of KEr2F73 (ALn2F7 type) show significant similarity (Figure
6.02). Comparison of both powder XRD patterns (Figure 6.03) would provide a way of
developing the exact crystal structure of [NH4][Y2F7]. The real crystal structure of
[NH4][Y2F7] is being analysed. KEr2F7 shows orthorhombic crystal system with Pnam (a =
11.82, b = 13.33, c = 7.82) space group. Powder diffraction refinements have been
performing by using KEr2F7 crystal structure (Figure 6.02). Unfortunately, both single crystal
data and powder diffraction refinements were not successful and crystal structure of
[NH4][Y2F7] is still being developed.
Figure 6.02:- (a) Building Unit of KEr2F7 (b) Crystal Structure of KEr2F7 along the b axis 3
6.01.3.2 Photoluminescence of [NH4][Y2F7]:Dy3+
Photoluminescence studies of [NH4][Y2F7]:Dy3+ have been performed. [NH4][Y2F7]:1% Dy3+,
[NH4][Y2F7]:3% Dy3+ and [NH4][Y2F7]:5% Dy3+ have been studied and [NH4][Y2F7]:5%
Dy3+ shows significant photoluminescent character. The photoluminescence excitation
spectrum of [NH4][Y2F7] shows the strongest excitation band at 286 nm (Figure 6.04). The
emission spectrum is shown in Figure 6.05, which shows two apparent emission bands under
the excitation of 286 nm with the maximum emission wavelengths at 480.5 nm and 571.5 nm,
corresponding to the characteristic emission transitions 4F5/2 →6H15/2 and 4F5/2→6H13/2 of
Dy3+.
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Figure 6.03:- Comparison of Powder X-ray Diffraction of [NH4][Y2F7] and Simulated
Powder X-ray Diffraction Pattern of KEr2F7 (PDF No.01-086-2454)3
Figure 6.04:- Photoluminescence Excitation Spectrum of [NH4][Y2F7]:5% Dy3+ with
Emission in the 4F5/2 → 6H15/2 Transition of Dy3+ ion at 480.5 nm and 298 K
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The ratio of the yellow emission intensity (4F5/2→6H13/2) to the blue emission intensity
(4F5/2→6H15/2), which is defined as the Y/B value, indicates the symmetry of the emission
centre. According to the Judd Ofelt theory, the blue transition, 4F5/2→6H15/2, is mainly
magnetically allowed and hardly varies with the crystal field strength around the Dy3+ ion,
while the yellow transition, 4F5/2→6H13/2, belongs to hypersensitive transitions with ∆J=4,
which are strongly influenced by their surroundings. Their relative intensity depends strongly
on the local symmetry of the Dy3+ ions and results in a higher Y/B value4. Figure 6.05
obviously shows that the intensity of the blue emission corresponding to 4F5/2→6H15/2
transition is quite strong relative to the yellow one, which indicates that the higher symmetry
of crystal field around Dy3+ ions results in a lower Y/B value. Further photoluminescence
experiments should be carried out to explore more crystallographic information.
Figure 6.05:- Photoluminescence Emission Spectrum of [NH4][Y2F7]:5% Dy3+ monitored at
286 nm and 298 K
The compositional dependence of Dy3+ dopant level of [NH4][Y2F7] with normalized
photoluminescence intensity has still to be determined with respect to the excitation electron
transition of 286 nm and the most dominant photoluminescence emission transition of 4F5/2
→
6H15/2 at 480.5 nm.
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6.02. Solvothermal Synthesis and Crystal Structure of [NH4]3[C6H21N4]2[In4F21]
6.02.1. Introduction
Inorganic-organic hybrid luminescent yttrium fluorides have been discussed in Chapter
Four. Other than yttrium fluorides, trivalent metal fluorides of In3+ and Sc3+ may also act as
efficient luminescent hybrid materials. Organically templated scandium fluorides have
previously been reported5-7. Wright et. al have noticed similarities of Sc3+ and In3+ in
solvothermal and structural chemistry8. Sc3+ and In3+ both show fluorophilic character and
Chapter Five has discussed a luminescent scandium fluoride and its indium analogue. In this
section, further development of a novel organically templated indium fluoride will be
discussed.
6.02.2. Solvothermal Synthesis
[NH4]3[C6H21N4]2[In4F21] was synthesised by solvothermal reaction. The starting materials
were indium fluoride (InF3, 99.99%, Acros Organic), sodium nitrate (NaNO3, 99.0%,
Aldrich), hydrofluoric acid, (HF (aq), 48% wt, Aldrich), ethanol (CH3CH2OH, 99.5%,
Aldrich) and tris(2-aminoethyl)amine (TAEA) [(NH2CH2CH2)3N, 99.99%, Aldrich]. InF3
(0.1718 g, 1 mmol), NaNO3 (0.1669 g, 2.0 mmol) and TAEA (0.8 ml, 5.5 mmol) were placed
in a Teflon-lined stainless steel autoclave with 0.2 ml (10 mmol) HF and 2.5ml (45 mmol)
ethanol. The autoclave was heated at 190 ˚C for four days. The product was filtered, washed
with ethanol and dried at room temperature to give colourless crystals. Elemental analysis for
[NH4]3[C6H21N4]2[In4F21] obs. (calc.): C: 11.42% (11.90%), H: 3.79% (4.50%), N: 10.85%
(12.72%).
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6.02.3. Crystal Structure
The single crystal data of [NH4]3[C6H21N4]2[In4F21] is summarised with the experimental
parameters as follows (Table 6.02).
Formula [NH4]3[C6H21N4]2[In4F21]
Fw 1210.94
Space Group P63/m (Hexagonal)
a [Å] 11.7670 (9)
b [Å] 11.7670 (9)
c [Å] 14.7970 (12)
 120.0
V [Å3] 1770.7 (2)
Z 1
T/K 113
calc [g cm-3] 1.136
μ [mm-1] 1.355
Crystal Size [mm] 0.1 x 0.1 x 0.05
F(000) 588
Reflns Collected 12032
Independent Reflns 1386
Rint 0.0907
Obsd Data [I>2σ(I)] 1204
Data/Restraints/Parameters 1386/10/92
GOF on F2 1.102
R1, wR2 (I>2 σ(I)) 0.0649, 0.1800
R1, wR2 (all data) 0.0817, 0.2169
Table 6.02:- Crystallographic Data for [NH4]3[C6H21N4]2[In4F21]
The building unit of [NH4]3[C6H21N4]2[In4F21] contains two distinct In sites, both of which
have octahedral geometry (Figure 6.06). In(2) sits on a -3 symmetry with regular octahedral
geometry, with six equivalent In-F bonds (Table 6.03). In(1) sits on a mirror plane and forms
part of a trimeric [In3F15]3- unit defined by the three fold axis. The In(1) site shows disordered
octahedron with slightly longer terminal In(1)―F(3) bond (Table 6.04).
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Atom Site x y z Uiso/Ueq / Å2
In (1) 6h 0.89833(7) 0.42425(7) 0.25000 0.0118(5)
In (2) 2b 0.00000 0.00000 0.50000 0.0126(5)
F(1) 12i 0.8990(5) 0.4297(5) 0.3905(4) 0.0186(13)
F(2) 6h 1.0452(6) 0.6146(6) 0.25000 0.0230(14)
F(3) 6h 0.7309(6) 0.2362(6) 0.25000 0.0210(14)
F(4) 6h 1.0063(6) 0.3333(6) 0.25000 0.0219(14)
F(5) 12i 0.1604(5) 0.1055(4) 0.4156(3) 0.0228(11)
N(1) 4f 0.3333 0.6667 0.4318(8) 0.0120(2)
N(2) 12i 0.1892(6) 0.4174(6) 0.5364(5) 0.0191(13)
N(3) 6h 1.0613(10) 0.8472(9) 0.25000 0.0179(2)
C(1) 12i 0.1923(7) 0.4206(7) 0.4358(6) 0.0174(17)
C(2) 12i 0.2157(8) 0.5500(7) 0.3987(5) 0.0198(17)
Table 6.03:- Final Refined Atomic Parameters for [NH4]3[C6H21N4]2[In4F21]
Figure 6.06:- Building Unit of [NH4]3[C6H21N4]2[In4F21]
Bond Distance/Å
In1 - F1 x 2 2.075(6)
In1 - F2 x 1 2.033(6)
In1 - F3 x 2 2.102(6)
In1 - F4 x 1 2.029(7)
In2 - F5 x 6 2.077(5)
N1 - C2 x 3 1.463(9)
N2 – C1 x 1 1.486(11)
C1 - C2 x 1 1.508(11)
Table 6.04:- Bond Lengths of [NH4]3[C6H21N4]2[In4F21]
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The crystal structure shows that there are no direct covalent links between the two discrete
indium fluoride units, but these units are held together with H-bonding interactions from
organic template [tris(2-aminoethyl)amine] and [NH4]+ to the terminal F atoms (Figure 6.07).
N(3)—H(10A)…F(4): 2.713 Å, N(3)—H(10B)…F(2): 2.648, N(2)—H(1A)…F(5): 2.713 Å
and N(2)—H(1B)…F(1), 2.711 Å are some of examples of hydrogen bonding. The organic
template is well-ordered and sits on a 3-fold axis and [NH4]+ sits on mirror plane along the c
axis. The unit cell packing is shown in projection down the c axis in Figure 6.08.
Figure 6.07:- The Hydrogen Bonding Scheme of [NH4]3[C6H21N4]2[In4F21]
Figure 6.08:- Crystal Packing of [NH4]3[C6H21N4]2[In4F21], viewed down the c axis
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Figure 6.09 shows the crystal structure of [NH4]3[C6H21N4]2[In4F21] in the perpendicular
direction to the c axis. The structure can be regarded as composed of layers of alternating
In(1) and In(2) based moieties alternating along the c axis.
Figure 6.09:- Crystal Packing of [NH4]3[C6H21N4]2[In4F21], viewed perpendicular to the c
axis
The crystal structure of [NH4]3[C6H21N4]2[In4F21] can be verified by comparison of theoretical
powder X-ray diffraction pattern which is stimulated from above crystal data and the
experimental powder diffraction pattern (Figure 6.10).
Figure 6.10:- Comparison of Theoretical and Experimental Powder X-ray Diffraction
Pattern of [NH4]3[C6H21N4]2[In4F21]
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6.02.4. Discussion
The crystal structure of [NH4]3[C6H21N4]2[In4F21] features a trimeric unit of [In3F15]3- ; trimers
are quite rare in the architecture of metal fluoride chemistry. Edwards et. al 9 initially reported
[M3X15]3- trimeric units in oxide-tetrafluorides MoOF4 and TcOF4. An (oxy)fluoride trimeric
units has also been found in the crystal structure of K[C4H12N][V3O3F12]10. Therefore, the
trimeric unit of [In3F15]3- can be considered as the first metal fluoride trimeric unit. The
hydrothermal synthesis of (NH4)2Sc3F117 was carried out by using a Sc source with the same
starting materials as [NH4]3[C6H21N4]2[In4F21]. Solvothermal synthesis of
[NH4]3[C6H21N4]2[In4F21] was synthesised by using ethanol as a solvent instead of water. The
organic template tris(aminoethyl)amine appears to be more stabilised in ethanol than water
because hydrothermally the tris(2-aminoethyl)amine has been broken down completely to
NH4+ at the same temperature and other physical conditions.
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6.03 Solvothermal Synthesis, Crystal Structure and Possible Phase Transition of
Chiolite-like K5In3F14
6.03.1 Introduction
The Chiolite-like structure is adopted by complex fluorides, oxides and (oxy)fluorides with
the formula A5B3X14 (A= Na+, K+; B = Al3+, Ga3+, Cr3+ and Fe3+; X = F-, O2-). The crystal
structure of a chiolite-like phase was first determined for Na5Al3F14 (space group P 4/mnc) 11
(Figure 6.10) which consists of a framework of AlF6 octahedra linked by their corners to
form layers. In every fourth octahedron a linear group AlF2 is replaced by a Na+ cation. In this
crystal structure, one-third of the AlF6 octahedra share four corners with other octahedra and
two-thirds shares only two corners. There are two distinct Al crystallographic sites [Al(1) and
Al(2)] which show 4-fold axis perpendicular to mirror plane along b axis and 2-fold axis
perpendicular to mirror plane along the b axis respectively [Figure 6.11]. Na(1) sits on a 4-
fold axis and Na(2) sits on a 2 fold axis along c. AlF6 octahedra are free to rotate along the
axis connecting the two corners to accommodate a better coordination around the Na(1) atom.
The layer composition is Al3F14. The Na(2) atoms are located between the layers. Alternate
layers are staggered by half of the base diagonal of the unit cell [Figure 6.11].
Figure 6.11:- Crystal Structure of Chiolite-like Na5Al3F1411
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Ravez et. al have reported an (oxy)fluoride chiolite-like structure, Na5W3O9F5, which is
ferroelectric at room temperature12. Phase transitions of chiolite-like structures have been
identified for Na5Al3F14 and Na5Fe3F14. Chiolite-like Na5Al3F14 occurs at room temperature in
the space group P4/mnc and AlF6 octahedra tilting about 15.4° around the axes parallel with
[001] and the tilting in the next layer is anti-phase 13. At low temperature the space group
changes to P 21/n with an additional tilting around the [010] axis. Structural changes of
Na5M3F14 (M=Cr, Fe, Ga) have also been identified with respect to temperature. -Na5Fe3F14
shows space group P42212 at room temperature with highly distorted FeF6 octahedra, and at
low temperature it adopts a more complicated monoclinic structure14.
6.03.2 Experimental
6.03.2.1 Solvothermal Synthesis
Chiolite-like K5In3F14 was synthesised by solvothermal reaction. The starting materials were
indium oxide (In2O3, 99.99%, Aldrich), potassium nitrate (KNO3, 99.9%, Aldrich),
hydrofluoric acid, (HF(aq), 48% wt, Aldrich), ethylene glycol (OHCH2CH2OH, 99.5%,
Aldrich) and ethanol (CH3CH2OH, 99%, Alfa-Aesar). In2O3 (0.1388 g, 1 mmol) and KNO3
(0.2020 g, 2.0 mmol) were placed in a Teflon-lined stainless steel autoclave with 0.2 ml (10
mmol) HF, 3.0ml (50 mmol) ethanol and 3.0ml (55 mmol) ethylene glycol. The autoclave was
heated at 190 ˚C for one day. The product was filtered, washed with ethanol and dried at
room temperature to give colourless crystals.
6.03.2.2 Initial Characterisation
The structure was determined by single crystal X-ray analysis at low temperature (113 K) and
room temperature (293 K) in order to determine any possible phase transitions. Single crystal
X-ray diffraction experiments were carried out as described as section 5.02.5. Crystallinity
and phase purity were determined by powder X-ray diffraction (XRD) using a Stoe STADI/P
transmission diffractometer using CuKα1 radiation, with a 2θ range of 5º to 100º and data
collection time of 15 hours.
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6.03.3 Crystal Structure of Chiolite-like K5In3F14
The crystal structure of K5In3F14 has been determined from the single crystal data which were
collected at low temperature (113 K).
Formula K5In3F14
Fw 805.96
Space Group P 4/m n c(Tetragonal)
a [Å] 7.910 (2)
b [Å] 7.910(2)
c [Å] 11.883 (3)
V [Å3] 743.6 (4)
Z 1
T/K 113
calc [g cm-3] 1.800
μ [mm-1] 3.075
Crystal Size [mm] 0.04 x 0.04 x 0.01
F(000) 368
Reflns Collected 4436
Independent Reflns 424
Rint 0.0286
Obsd Data [I>2σ(I)] 369
Data/Restraints/Parameters 424/0/32
GOF on F2 1.013
R1, wR2 (I>2 σ(I)) 0.0269, 0.1132
R1, wR2 (all data) 0.0318, 0.1200
Table 6.05:- Crystallographic Data for K5In3F14 at Low Temperature (113 K)
The building unit of K5In3F14 contains two distinct In sites which show octahedral geometry
(Figure 6.12). In(1)F6 octahedra sits on special position of symmetry (2/m) along the a axis
and the In(2)F6 octahedron sits on a four-fold axis (4/m) along the c axis (Table 6.06). Both
In sites show a distorted octahedron with slightly longer bridging In―F bonds (Table 6.07).
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Figure 6.12:- Building Unit of K5In3F14
Atom site x y z Uiso/Ueq / Å2
In (1) 4c 0.50000 0.00000 0.0000 0.0087(4)
In (2) 2a 1.0000 0.00000 0.0000 0.0179(4)
K(1) 8g 0.7121(2) 0.2121(2) 0.25000 0.0211(5)
K(2) 2b 0.50000 0.50000 0.00000 0.0356(14)
F(1) 8h 0.0869(5) 0.2485(5) 0.0000 0.0375(12)
F(2) 16i 0.4516(4) 0.1780(5) 0.1192(3) 0.0516(11)
F(3) 4e 1.0000 0.0000 0.1729(6) 0.0285(15)
Table 6.06:- Final Refined Atomic Parameters for Room Temperature (113K) Phase of
K5In3F14
Bond Distance/Å
In1 - F1 x 2 2.107(4)
In1 - F2 x 4 2.033(3)
In2 - F1 x 4 2.081(4)
In2 - F3 x 2 2.055(8)
K1 - F1 x 2 3.146(2)
K1 - F2 x 4 2.597(4)
K1 - F3 x 2 2.972(2)
K2 - F2 x 8 2.938(5)
Table 6.07:- Bond Lengths of Low Temperature (113 K) Phase of K5In3F14
The crystal structure of K5In3F14 consists of InF6 octahedra linked by their corners to form
layers. The In octahedra are linked with each other. In(1)F6 octahedra share two corners with
neighbouring In(2)F6 octahedra and In(2)F6 shows four corner sharing with the In(1)F6
octahedron (Figure 6.13).
Chapter Six Novel Fluoride Materials
158
Figure 6.13:- Crystal structure of K5In3F14 showing layers of InF6 octahedra and K(2) atoms
In(1)F6 octahedra and In(2)F6 octahedra sit on a layer and the In(1)F6 octahedron and the K(2)
atom sit on an another layer. Every other In(1)F6 octahedron is replaced by a K(2) atom which
reflects the 2/m symmetry operation for both In(1)F6 octahedron and K(2) atom. The K(1)
atom sits in between the In(1)F6, In(2)F6 and K(2) layered structure as shown in Figure 6.14.
Figure 6.14:- The Unit Cell Packing of K5In3F14 shows along the b axis.
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The crystal structure shows that there are no direct covalent links between the InF6 octahedra
in adjacent layers, but these units are held together with K-F bonds (Table 6.07).The unit cell
packing is shown in projection down the b-axis in Figure 6.14.
The crystal structure of K5In3F14 can be verified by comparison of theoretical powder X-ray
diffraction pattern which is stimulated from above crystal data and experimental powder
diffraction pattern (Figure 6.15).
Figure 6.15:- Comparison of Theoretical and Experimental Powder X-ray Diffraction
Pattern of K5In3F14
The experimental pattern was collected at room temperature. Therefore, in order to check if
any phase transitions might occur above 113 K, a further experiment was carried out.
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6.03.4 Determination of Possible Phase transition of Chiolite-like K5In3F14
Chiolite-like structures may show (section 6.03.1) phase transitions with respect to the
temperature variation. Therefore, single crystal X-ray diffraction data at room temperature
(293 K) have also been collected to identify the possible phase transition behaviour of
chiolite-like K5In3F14 (Table 6.08).
Formula K5In3F14
Fw 805.96
Space Group P 4/m n c(Tetragonal)
a [Å] 7.9403 (8)
b [Å] 7.9403 (8)
c [Å] 11.9222 (8)
V [Å3] 751.68(12)
Z 1
T/K 293(2)
ρcalc [g cm-3] 1.780
μ [mm-1] 3.041
Crystal Size [mm] 0.06 x 0.06 x 0.02
F(000) 368
Reflns Collected 4601
Independent Reflns 454
Rint 0.0181
Obsd Data [I>2σ(I)] 427
Data/Restraints/Parameters 454/0/32
GOF on F2 1.073
R1, wR2 (I>2 σ(I)) 0.0167, 0.0444
R1, wR2 (all data) 0.0178, 0.0450
Table 6.08:- Crystallographic Data for K5In3F14 at Room Temperature (293K)
It can be seen that a very good fit was obtained in the same space group as the previous case.
Therefore, we can conclude that no phase transition occurs over the temperature range 113K<
T< 293 K. Phase transitions at lower or higher temperature can not be ruled out.
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6.04 Solvothermal Synthesis and Crystal Structure of -[NH4]3[InF6]
6.04.1. Introduction
In Chapter Five, the novel inorganic-organic hybrid indium fluoride phosphor
[C4H14N2][InF5] has been discussed. Further hybrid indium fluoride materials have been
explored. In this section another novel phase of indium fluoride, -[NH4]3[InF6], will be
discussed.
6.04.2 Synthesis
-[NH4]3[InF6] was synthesised by solvothermal reaction. The starting materials were indium
fluoride (InF3, 99.99%, Acros Organic), hydrofluoric acid, (HF(aq), 48% wt, Aldrich), tris(2-
aminoethyl)amine (TAEA) [(NH2CH2CH2)3N, 99.99%, Aldrich], ethylene glycol
(OHCH2CH2OH, 99%, Alfa-Aesar), and distilled water.
InF3 (0.1718 g, 1.0 mmol) was placed in a polypropylene bottle with 2.00 ml (100 mmol) HF
and 5.0 ml H2O. This was heated at 100 ˚C for an hour, and then the contents were transferred
into a Teflon-lined stainless steel autoclave, with addition of 0.5 ml g (3.5 mmol) of TAEA
and 5 ml (100 mmol) ethylene glycol. The autoclave was heated at 190 ˚C for five days. The
product was filtered, washed with distilled water and dried at room temperature to give
colourless crystals.
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6.04.3 Crystal Structure
The single crystal data of -[NH4]3[InF6] is summarised with the experimental parameters as
follows (Table 6.09).
Formula -[NH4]3[InF6]
Fw 570.80
Space Group P 21/c (Monoclinic)
a [Å] 11.5164(6)
b [Å] 6.4926(4)
c [Å] 11.5438 (6)
V [Å3] 803.77(7)
 111.38 (11)
Z 1
T/K 113
calc [g cm-3] 0.822
μ [mm-1] 1.448
Crystal Size [mm] 0.30 x 0.15 x 0.15
F(000) 185
Reflns Collected 7520
Independent Reflns 1837
Rint 0.0274
Obsd Data [I>2σ(I)] 1502
Data/Restraints/Parameters 3499/62/224
GOF on F2 0.714
R1, wR2 (I>2 σ(I)) 0.0345, 0.1494
R1, wR2 (all data) 0.0415, 0.1694
Table 6.09:- Crystallographic Data for -[NH4]3[InF6]
Figure 6.16:- Building Unit of -[NH4]3[InF6]
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The building unit of -[NH4]3[InF6] contains two distinct In sites, both of which have
octahedral geometry (Figure 6.16). In(1)F6 and In(2)F6 octahedron sit on a specific position
(Table 6.10), with three different In-F bonds for each In sites (Table 6.11).
Atom Site x y z Uiso/Ueq / Å2
In (1) 2d 0.5000 0.0000 0.5000 0.0081(3)
In (2) 2d 0.0000 0.0000 0.0000 0.0081(3)
F(1) 4e 0.64909(15) 0.1413(3) 0.63535(16) 0.0159(4)
F(2) 4e 0.58385(18) 0.0482(3) 0.36996(18) 0.0149(4)
F(3) 4e 0.58630(17) -0.2850(3) 0.54982(16) 0.0169(5)
F(4) 4e 0.16223(16) 0.1785(3) 0.07252(16) 0.0153(4)
F(5) 4e -0.1031(2) 0.2580(3) -0.07089(17) 0.0217(5)
F(6) 4e 0.0365(2) -0.0422(3) -0.16219(19) 0.0177(5)
N(1) 4e 0.1435(5) 0.0048(4) 0.3987(4) 0.0160(9)
N(2) 4e 0.3935(4) 0.5262(5) 0.6389(4) 0.0145(9)
N(3) 4e 0.2333(4) 0.4751(6) 0.2592(3) 0.0131(8)
Table 6.14:- Final Refined Atomic Parameters for -[NH4]3[InF6]
Bond Distance/Å
In1 - F1 x 2 2.0674(16)
In1 - F2 x 2 2.0833(18)
In1 - F3 x 2 2.0796(17)
In2 - F4 x 2 2.0960(16)
In2 - F5 x 2 2.0434(18)
In2 - F6 x 2 2.0809(19)
Table 6.15:- Bond Lengths of -[NH4]3[InF6]
Figure 6.17:- Crystal Structure of -[NH4]3[InF6] along the b axis
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The InF6 sites are isolated octahedra (Figure 6.17) in a pseudo chain structure along a and c
axes (Figure 6.17 and Figure 6.18), held together with H-bonding interactions from NH4+ to
the F atoms (Figure 6.19 and Table 6.1.6). The unit cell packing is shown in projection down
the c-axis in Figure 6.18.
D―H d (D―H) d(H…A) < DHA d (D…A) A
N1-H1A 0.829 1.984 162.96 2.788 F6 [ -x, -y, -z ]
N1-H1B 0.871 1.856 165.66 2.709 F5 [ -x, y-1/2, -z+1/2 ]
N1-H1C 0.876 1.999 154.49 2.814 F4 [ x, -y+1/2, z+1/2 ]
N1-H1D 0.857 1.882 173.17 2.735 F1 [ -x+1, -y, -z+1 ]
N2-H2A 0.833 2.260 123.47 2.807 F2 [ x, -y+1/2, z+1/2 ]
N2-H2B 0.863 2.375 144.13 2.839 F4 [ x, -y+1/2, z+1/2 ]
N2-H2C 0.851 1.950 161.36 2.769 F3 [ -x+1, -y, -z+1 ]
N2-H2D 0.888 2.048 136.74 2.762 F2 [ -x+1, -y+1, -z+1 ]
N3-H3B 0.946 1.949 146.09 2.785 F4
N3-H3C 0.925 1.915 143.50 2.715 F3 [ -x+1, -y, -z+1 ]
N3-H3D 0.917 1.899 152.61 2.746 F6 [ x, -y+1/2, z+1/2 ]
Table 6.16:- Selected Hydrogen bonding interactions of -[NH4]3[InF6]
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Figure 6.18:- Crystal Structure of -[NH4]3[InF6] along the c axis
Figure 6.19:- Hydrogen bonding Interaction (N—H…F) of NH4+ cations and [InF6]3-
octahedra
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6.04.4 Discussion
The crystal structure of -[NH4]3[InF6] had been initially reported by Bode et. al 12 as
tetragonal crystal system with space group P 4/m n c [a = 6.53(3) and c = 9.49(1)] (Figure
6.20). But -[NH4]3[InF6] shows monoclinic crystal system with P 21/c space group.
Figure 6.20:- Crystal Structure of -[NH4]3[InF6] along the c axis 23
The crystal structure of -[NH4]3[InF6] can be verified by comparison of the simulated
powder X-ray diffraction pattern which is simulated from the above crystal data and the
experimental powder diffraction pattern (Figure 6.21).
The experimental powder X-ray diffraction pattern of [NH4]3[InF6] is collected at room
temperature (293K) whereas the theoretical powder X-ray diffraction patterns of - and -
phases of [NH4]3[InF6] are simulated based on crystal structures determined at temperatures
of 298 K and 113 K, respectively. The comparison of both - and - phase [NH4]3[InF6] with
the bulk material (Figure 6.21 and Figure 6.22) reveals some similarities. There may be
phase transitions as a function of temperature, or the precise nature of the earlier crystal
structure may be incorrect; Bode’s work 12 was carried out in 1957, and produced an R-factor
of only 16 %, suggesting that the true symmetry may actually be lower than tetragonal. Single
crystal X-ray diffraction data at room temperature (293 K) has been collecting to identify the
possible phase transition or mixture of phases within the temperature range of 113K<T< 293
K.
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Figure 6.21:- Comparison of Simulated and Experimental Powder X-ray Diffraction Pattern
of -[NH4]3[InF6]
Figure 6.22:- Comparison of Experimental Powder X-ray Diffraction Pattern of -
[NH4]3[InF6] and Simulated Powder X-ray Diffraction Pattern of -[NH4]3[InF6]
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6.05 Solvothermal Synthesis and Crystal Structure of Sr[C2H10N2]2[AlF6]2.H2O
6.05.1. Introduction
As discussed in Chapter One, lanthanide fluoride hybrid materials are being developed as
luminescent materials. Doping of Eu3+, Tb3+ and Eu2+ are the dominant methods of producing
red luminescence, green luminescence and blue luminescence respectively. In Chapter Four
and Chapter Five, we have discussed Eu3+ and Tb3+ doped and co-doped luminescent hybrid
materials.
The preparation of novel Eu2+ doped materials is a challenge. Eu2+ ion is very sensitive to air
and therefore Eu2+ easily oxidises to Eu3+. Up to now, hydrothermal synthesis of Eu2+
containing materials was not successful. Ionic radius of Eu2+ (1.25Å) is similar to that of
Sr2+(1.26 Å)13. Therefore as an initial step of synthesising Eu2+ doped materials, hybrid
frameworks of divalent Sr2+ ion and trivalent Al3+ have been developed. In this section, we
discuss the new inorganic organic hybrid material Sr[C2H10N2]2[Al2F12].H2O.
6.05.2 Synthesis
Sr[C2H10N2]2[AlF6]2.H2O was synthesised by solvothermal reaction. The starting materials
were strontium nitrate (Sr(NO3)2, 99.0%, Aldrich), aluminium oxide (Al2O3, 99.0%, Aldrich),
hydrofluoric acid [(HF(aq), 48% wt, Aldrich], ethylene glycol (OH(CH2)2OH, 99%, Alfa-
Aesar), and 1,2-diaminoethane, (C2H8N2, 99.99%, Aldrich).
Sr(NO3)2 (0.2116 g, 1 mmol) and Al2O3 (0.2598 g, 2.5 mmol) was placed in a polypropylene
bottle with 2.0 ml (100 mmol) HF and 5ml (100 mmol) ethylene glycol. This was heated at
100 ˚C for half an hour, and then the contents were transferred into a Teflon-lined stainless
steel autoclave, with addition of 1.67 ml (25 mmol) of 1,2-diaminoethane. The autoclave was
heated at 190 ˚C for two days. The product was filtered, washed with ethylene glycol and
dried at room temperature to give colourless crystals. Elemental analysis for
Sr[C2H10N2]2[AlF6]2.H2O obs. (calc.): C: 11.19% (9.39%), H: 5.94% (4.33%), N: 10.90%
(10.95%).
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6.05.3 Crystal Structure
The single crystal data of Sr[C2H10N2]2[AlF6]2.H2O is summarised with the experimental
parameters as follows (Table 6.16).
Formula Sr[C2H10N2]2[AlF6]2.H2O
Fw 511.84
Space Group P 21/a (Monoclinic)
a [Å] 10.1443 (18)
b [Å] 13.891 (3)
c [Å] 11.9222 (8)
V [Å3] 1545.9(5)
 96.047(4)
Z 1
T/K 113
calc [g cm-3] 0.550
μ [mm-1] 0.935
Crystal Size [mm] 0.20 x 0.15 x 0.05
F(000) 254
Reflns Collected 10729
Independent Reflns 3289
Rint 0.0223
Obsd Data [I>2σ(I)] 2920
Data/Restraints/Parameters 3289/0/225
GOF on F2 1.078
R1, wR2 (I>2 σ(I)) 0.0286, 0.0553
R1, wR2 (all data) 0.0347, 0.0585
Table 6.16:- Crystallographic Data for Sr[C2H10N2]2[AlF6]2.H2O
The building unit of Sr[C2H10N2]2[AlF6]2.H2O contains two distinct octahedral Al
crystallographic sites (Figure 6.23). Both Al(1) and Al(2) sites show a distorted octahedron,
and each Al site coordinates with six different F atoms (Table 6.17).
Chapter Six Novel Fluoride Materials
170
Figure 6.23:- Building Unit of Sr[C2H10N2]2[AlF6]2.H2O
Atom Site x y z Uiso/Ueq / Å2
Al (1) 4e 0.60709(6) 0.31756(5) 0.30683(6) 0.00632(15)
Al (2) 4e 0.53514(6) -0.08668(5) 0.28986(6) 0.00721(15)
Sr(1) 4e 0.44275(2) 0.125915(15) 0.385425(18) 0.00623(7)
F(1) 4e 0.75678(12) 0.30947(9) 0.23444(11) 0.0092(3)
F(2) 4e 0.54015(12) 0.41053(9) 0.20776(11) 0.0097(3)
F(3) 4e 0.69173(12) 0.40302(9) 0.41184(11) 0.0095(3)
F(4) 4e 0.46012(12) 0.31936(9) 0.38994(11) 0.0096(3)
F(5) 4e 0.66025(12) 0.21978(9) 0.41234(11) 0.0094(3)
F(6) 4e 0.53002(12) 0.22583(9) 0.20774(11) 0.0091(3)
F(7) 4e 0.65292(13) -0.11516(9) 0.18696(12) 0.0156(3)
F(8) 4e 0.64699(13) 0.00545(9) 0.35831(12) 0.0117(3)
F(9) 4e 0.45634(13) 0.01081(9) 0.19956(12) 0.0131(3)
F(10) 4e 0.41893(13) -0.17210(9) 0.22006(12) 0.0127(3)
F(11) 4e 0.42606(12) -0.05753(9) 0.40687(11) 0.0103(3)
F(12) 4e 0.60647(12) -0.17542(9) 0.39915(11) 0.0102(3)
O(1) 4e 0.5317(2) 0.30286(14) 0.96925(19) 0.0193(4)
N(1) 4e -0.17057(18) 0.09572(14) 0.56078(17) 0.0099(4)
N(2) 4e 0.12019(19) 0.17875(13) 0.63445(17) 0.0106(4)
N(3) 4e 0.23365(19) 0.56616(14) -0.02347(17) 0.0133(4)
N(4) 4e 0.27044(19) 0.39040(13) 0.18690(17) 0.0103(4)
C(1) 4e -0.0977(2) 0.11304(17) 0.6831(2) 0.0110(5)
C(2) 4e 0.0497(2) 0.09661(17) 0.6854(2) 0.0106(5)
C(3) 4e 0.3055(3) 0.47282(18) -0.0090(2) 0.0181(6)
C(4) 4e 0.2314(2) 0.39551(17) 0.0530(2) 0.0145(5)
Table 6.17:- Final Refined Atomic Parameters for Sr[C2H10N2]2[AlF6]2.H2O
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Bond Distance/Å Bond Distance/Å
Al1 - F1 1.7922(14) Al2 - F9 1.8159(14)
Al1 - F2 1.7796(14) Al2 - F10 1.7887(14)
Al1 - F3 1.8108(14) Al2 - F11 1.8319(14)
Al1 - F4 1.8309(14) Al2 - F12 1.8202(14)
Al1 - F5 1.8326(14) C1 - N1 1.488(3)
Al1 - F6 1.8027(14) C1 - C2 1.510(3)
Al2 - F7 1.7772(14) C2 - N2 1.488(3)
Al2 - F8 1.8207(14) C3 - N3 1.488(3)
Sr1 - F1 2.5450(13) Sr1 - F8 2.7042(14)
Sr1 - F3 2.6243(13) Sr1 - F9 2.6153(14)
Sr1 - F4 2.6930(14) Sr1 - F11 2.5663(14)
Sr1 - F5 2.5531(13) Sr1 - F12 2.5731(13)
Sr1 - F6 2.6303(13)
Table 6.18:- Bond Lengths of Sr[C2H10N2]2[AlF6]2.H2O
The crystal structure shows that there are no direct covalent links between the two discrete
aluminium fluoride octahedra, but these octahedra are held together via Sr-F bonds and H-
bonding interactions from the organic template [1,2-diaminoethane] to the F atoms in both
Al(1) and Al(2) octahedra (Figure 6.24).
Figure 6.24:- Crystal Structure of Sr[C2H10N2]2[AlF6]2.H2O, viewed down the c axis, [Both
Al and Sr coordination is shown as polyhedral style]
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The crystal packing of Al(1) and Al(2) octahedra together with the Sr site is shown
perpendicular to the unique b axis of crystal structure (Figure 6.25).
Figure 6.25:- Crystal Packing of Sr[C2H10N2]2[AlF6]2.H2O, viewed along the b axis. [In this
case the Sr-F polyhedra are not shown]
The crystal structure of Sr[C2H10N2]2[AlF6]2.H2O can be verified by comparison of the
theoretical powder X-ray diffraction pattern which is stimulated from the above crystal data
and the experimental powder diffraction pattern (Figure 6.26). This, together with the CHN
analysis, suggests that the bulk sample is not pure, but the impurity phase has not been
identified.
Chapter Six Novel Fluoride Materials
173
Figure 6.26:- Comparison of Theoretical and Experimental Powder X-ray Diffraction
Pattern of Sr[C2H10N2]2[AlF6]2.H2O.
6.05.4 Discussion
Several hybrid aluminium fluoride materials have been reported, for example
[C4H12N2][H3O][A1F6]14; most of them were made by hydrothermal synthesis. This is the first
example of an organically templated solvothermal synthesis of a mixed metal aluminium
fluoride framework. This organically templated Sr2+, Al3+ fluoride framework material,
Sr[C2H10N2]2[AlF6]2.H2O, may pave the way for exploration of solvothermal synthesis of
Eu2+ doped materials, which is directed towards luminescent mixed fluoride framework
materials.
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6.06. Solvothermal Synthesis and Crystal Structure of -[C2H10N2][AlF5(H2O)]
6.06.1 Introduction
Aluminium fluorides have played a key role in the structural solid state chemistry of hybrid
materials. Bentrup et. al has initially reported organically templated aluminium fluorides such
as [C2H10N2][AlF5OH2] 14 and [C2H10N2][H3O][AlF6]15. In the context of luminescent
fluorides, Al3+ could act as a framework host element into which lanthanide element may be
cations exchanged. A novel mixed cation inorganic-organic hybrid material has been explored
in the previous section (section 6.05). In this section, a novel phase of ethylenediammonium
aluminium fluoride, -[C2H10N2][AlF5(H2O)] will be discussed.
6.06.2 Synthesis
-[C2H10N2][AlF5(H2O)] was synthesised by solvothermal reaction. The starting materials
were aluminium oxide (Al2O3, 99.0%, Aldrich), hydrofluoric acid [(HF(aq), 48% wt,
Aldrich], ethylene glycol (OH(CH2)2OH, 99%, Alfa-Aesar), 1,2-diaminoethane, (C2H8N2,
99.99%, Aldrich), and distilled water.
Al2O3 (0.2598 g, 2.5 mmol) was placed in a polypropylene bottle with 2.0 ml (100 mmol) HF
and 5ml H2O. This was heated at 100 ˚C for an hour, and then the contents were transferred
into a Teflon-lined stainless steel autoclave, with addition of 1.34 ml (20 mmol) of 1, 2-
diaminoethane and 5ml (100 mmol) ethylene glycol. The autoclave was heated at 190 ˚C for
three days. The product was filtered, washed with ethylene glycol and dried at room
temperature to give colourless crystals. Elemental analysis for -[C2H10N2][AlF5(H2O)] obs.
(calc.): C: 12.00% (11.81%), H: 5.58% (4.35%), N: 13.57% (13.78%).
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6.06.3 Crystal Structure
The single crystal data of -[C2H10N2][AlF5(H2O)] is summarised with the experimental
parameters as follows (Table 6.19).
Formula [C2H10N2][AlF5(H2O)]
Fw 202.12
Space Group P 21(Monoclinic)
a [Å] 6.165 (9)
b [Å] 7.338 (3)
c [Å] 8.627 (8)
V [Å3] 374.746(5)
 106.271(8)
Z 2
T/K 113
calc [g cm-3] 0.896
μ [mm-1] 0.157
Crystal Size [mm] 0.25 x 0.10 x 0.05
F(000) 104
Reflns Collected 2638
Independent Reflns 1299
Rint 0.0119
Obsd Data [I>2σ(I)] 1250
Data/Restraints/Parameters 1299/1/108
GOF on F2 0.842
R1, wR2 (I>2 σ(I)) 0.0250, 0.0626
R1, wR2 (all data) 0.0266, 0.0647
Table 6.19:- Crystallographic Data for -[C2H10N2][AlF5(H2O)]
The novel phase of ethylenediammonium aluminium fluoride, -[C2H10N2][AlF5(H2O)]
consists of one asymmetric octahedral Al(1) crystallographic site (Table 6.20) which is
coordinated by five different F atoms and the H2O molecule (Table 6.21). Figure 6.27 shows
the building unit, which includes the organic template, [C2H10N2]2+ cation.
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Figure 6.27:- Building Unit of -[C2H10N2][AlF5(H2O)]
Atom x y z Uiso/Ueq / Å2
Al (1) 0.67574(9) 0.08375(13) 0.20818(7) 0.00845(14)
F(1) 0.71223(18) -0.15954(17) 0.18540(14) 0.0125(3)
F(2) 0.90872(18) 0.09139(19) 0.38637(13) 0.0121(3)
F(3) 0.48930(19) 0.03212(16) 0.33115(14) 0.0119(4)
F(4) 0.5962(2) 0.31851(17) 0.21227(14) 0.0132(3)
F(5) 0.86265(19) 0.13142(18) 0.08859(14) 0.0143(4)
O(1) 0.4191(2) 0.0621(2) 0.01235(18) 0.0115(4)
N(1) 0.8418(3) 0.2959(2) 0.8119(2) 0.0106(4)
N(2) 0.7663(3) -0.1631(3) 0.6094(3) 0.0115(4)
C(1) 0.7345(3) 0.1542(3) 0.6916(2) 0.0111(4)
C(2) 0.8783(3) -0.0163(3) 0.7221(3) 0.0136(4)
Table 6.20:- Final Refined Atomic Parameters for -[C2H10N2][AlF5(H2O)]
The crystal structure of -[C2H10N2][AlF5(H2O)] shows that there are no direct covalent links
between the isolated Al(1)F5(H2O) octahedra, but hydrogen bonding interactions are formed
between the organic template and F atoms in the Al(1)F6 octahedron. The organic template
sits in between the isolated Al(1) octahedra as shown in Figure 6.29. This crystal structure
can be regarded as a three dimensional H-bonded framework because of strong O―H…F 
links in between [AlF5(H2O)]2- anions and [N2C2H10]2+ (Figure 6.28 and Table 6.22).
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Bond Distance/Å
Al1 - F1 1.8169(15)
Al1 - F2 1.7869(12)
Al1 - F3 1.8094(13)
Al1 - F4 1.7942(15)
Al1 - F5 1.7837(12)
Al1 - O1 1.9713(16)
N1 - C1 1.487(3)
N2 - C2 1.485(3)
C1 - C2 1.513(4)
Table 6.21:- Bond Lengths of -[C2H10N2][AlF5(H2O)]
Figure 6.28:- The Hydrogen Bonding Scheme of -[C2H10N2][AlF5(H2O)]
D —H d(D —H) D(H…A) <DHA D(D…A) A
O(1)-H(11A) 0.845 1.777 174.22 2.619 F4 [ -x+1, y-1/2, -z ]
O(1)-H(11B) 0.834 1.809 172.72 2.639 F1 [ -x+1, y+1/2, -z ]
N(1)-H(1A) 0.890 1.885 151.18 2.699 F3 [ -x+1, y+1/2, -z+1 ]
N(1)-H(1B) 0.890 1.884 168.82 2.763 F1 [ -x+2, y+1/2, -z+1 ]
N(1)-H(1C) 0.890 1.768 168.73 2.646 F5 [ x, y, z+1 ]
N(2)-H(2A) 0.890 1.856 154.62 2.687 F2 [ -x+2, y-1/2, -z+1 ]
N(2)-H(2B) 0.890 2.206 135.06 2.904 F3
N(2)-H(2B) 0.890 2.228 135.04 2.985 F2
N(2)-H(2C) 0.890 0.257 125.17 2.864 F3 [ -x+1, y-1/2, -z+1 ]
Table 6.22:- Selected hydrogen bonds (Å) for -[C2H10N2][AlF5(H2O)]
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6.06.4 Discussion
The crystal structure of another polymorph of this composition, -[C2H10N2][AlF5(H2O)] has
been previously reported by Bentrup et.al 14. When compared to the -phase the novel -
[C2H10N2][AlF5(H2O)] shows a different arrangement of organic template and octahedral
units in the direction of the b axis (Figure 6.29 and Figure 6.30). The overall structure of
[C2H10N2][AlF5(H2O)] is closely related to [C2H10N2][VOF4(H2O)]16-17 while the organic
template and octahedral arrangement of -[C2H10N2][VOF4(H2O)] is same as -
[C2H10N2][AlF5(H2O)] and that of -[C2H10N2][VOF4(H2O)] shows similarity as -
[C2H10N2][AlF5(H2O)]. However, [C2H10N2][VOF4(H2O)] shows a short vanadyl bond
characteristic of V4+, which leads to a much more distorted octahedron. Both polymorphs
crystallise in the polar space group P21.
Figure 6.29:- Crystal structure of -[C2H10N2][AlF5(H2O)], viewed down the b axis,
The crystal structure of -[C2H10N2][AlF5(H2O)] can be verified by comparison of the
theoretical powder X-ray diffraction pattern which is simulated from the above crystal data
and the experimental powder diffraction pattern (Figure 6.31).
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Figure 6.30:- Crystal structure of -[C2H10N2][AlF5(H2O)], viewed down the b axis.
[Bentrup et. al18]
The poor comparison may result from the theoretical XRD pattern being simulated from the
single crystal data collected at low temperature (113K) and the experimental pattern collected
at room temperature (293 K). Some crystallographic phase changes may occur between these
temperatures or the bulk materials consist of a mixture of phases. Figure 6.32 shows that the
simulated XRD pattern of -[C2H10N2][AlF5(H2O)] and the experimental XRD pattern of our
bulk material have strong similarities, which can support the possible phase transition or
mixture of phases within the temperature range of 113K<T< 293 K.
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Figure 6.31:- Comparison of Theoretical and Experimental Powder X-ray Diffraction
Pattern of -[C2H10N2][AlF5(H2O)]
Figure 6.32:- Comparison of Experimental Powder X-ray Diffraction Pattern of -
[C2H10N2][AlF5(H2O)] and Simulated Powder X-ray Diffraction Pattern of -
[C2H10N2][AlF5(H2O)]
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6.07. Solvothermal Synthesis and Crystal Structure of KZrF5.H2O
6.07.1. Introduction
Exploration of novel luminescent hybrid materials is the main target of this research and
Chapters Four and Five, and sections 6.01 have reported luminescent fluoride materials.
Fluorides of Sc, Y, Al, In and Lanthanides have been explored. In section 6.05, Sr2+ ion was
introduced as a new pathway to explore hybrid materials with potential luminescence
properties. In this section, we describe exploratory work on new Zr fluorides, as potential
luminescence hosts.
6.07.2 Synthesis
KZrF5.H2O was synthesised by solvothermal reaction. The starting materials were zirconium
(IV) oxide (ZrO2, 99.99%, Aldrich), potassium fluoride (KF, 99%, Aldrich), hydrofluoric acid
[(HF(aq), 48% wt, Aldrich], ethanol (CH3CH2OH, 99%, Alfa-Aesar), and distilled water.
ZrO2 (0.1232 g, 1.0 mmol) was placed in a polypropylene bottle with 0.02 ml (10 mmol) HF
and 3.0 ml H2O. This was heated at 100 ˚C for two hour, and then the contents were
transferred into a Teflon-lined stainless steel autoclave, with addition of 0.058 ml (1.0 mmol)
of KF and 3ml (50 mmol) ethanol. The autoclave was heated at 190 ˚C for three days. The
product was filtered, washed with distilled water and dried at room temperature to give
colourless crystals.
Chapter Six Novel Fluoride Materials
182
6.07.3 Crystal Structure
The single crystal data of KZrF5.H2O is summarised with the experimental parameters as
follows (Table 6.22).
Formula KZrF5.H2O
Fw 243.32
Space Group P b 21m(Orthorhombic)
a [Å] 6.120 (3)
b [Å] 6.788 (3)
c [Å] 6.985 (5)
V [Å3] 290.2(3)
Z 4
T/K 113(2)
calc [g cm-3] 1.393
μ [mm-1] 1.314
Crystal Size [mm] 0.10 x 0.02 x 0.02
F(000) 144
Reflns Collected 1848
Independent Reflns 587
Rint 0.0237
Obsd Data [I>2σ(I)] 575
Data/Restraints/Parameters 587/1/43
GOF on F2 1.071
R1, wR2 (I>2 σ(I)) 0.0539, 0.1406
R1, wR2 (all data) 0.0558, 0.1446
Table 6.22:- Crystallograpic Data for KZrF5.H2O
The crystal structure of KZrF5.H2O contains a single distinct Zr(1) site which has pentagonal-
bipyramidal geometry (Figure 6.33) with slightly longer bridging Zr(1)―F(3) and
Zr(1)―F(4) bonds (Table 6.24). Zr(1) sits on a mirror plane.
Figure 6.33:- Building Unit of KZrF5.H2O
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Atom Site x y z Uiso/Ueq / Å2
Zr (1) 2b(m) 0.09569(17) 0.3547(2) 0.5000 0.0071(4)
K (1) 2a(m) 0.2109(8) 0.6672(7) 0.0000 0.0299(10)
F(1) 2b(m) 0.4254(12) 0.368(3) 0.5000 0.022(2)
F(2) 4c 0.1027(10) 0.356(2) 0.2116(8) 0.0243(13)
F(3) 2b(m) -0.176(2) 0.5400(18) 0.5000 0.026(3)
F(4) 2b(m) -0.179(3) 0.156(2) 0.5000 0.062(6)
O(1) 2a(m) 0.643(3) 0.571(3) 0.0000 0.044(4)
Table 6.23:- Final Refined Atomic Parameters for KZrF5.H2O
Bond Distance/Å
Zr1 - F1 x 1 2.020(8)
Zr1 - F2 x 2 2.015(6)
Zr1 - F3 x 1 2.083(15)
Zr1 - F3 x 1 2.192(11)
Zr1 - F4 x 1 2.105(17)
Zr1 - F4 x 1 2.158(12)
K1 - F2 x 2 2.664(14)
K1 - F2 x 2 2.739(10)
Table 6.24:- Bond Lengths of KZrF5.H2O
The crystal structure of KZrF5.H2O shows a chain structure of edge-linked Zr(1) pentagonal-
bipyramid sites. This chain sits on a 2 fold screw axis along the b-direction leading to a polar
structure (Figure 6.34). There are no direct covalent links between these chains but K―F 
bonds take place (Figure 6.35).
Figure 6.34:- The Chain Structure of KZrF5.H2O (H2O molecules not shown here)
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Figure 6.35:- Crystal Structure of KZrF5.H2O viewed down the c axis,
6.07.4 Discussion
K2ZrF6 18 shows some structural similarities with KZrF5.H2O. Both exhibit a chain structure,
but the Zr4+ site of K2ZrF6 shows eight-fold coordination. K2ZrF6 has a crystal structure with
space group C 2/c and unit cell was a = 6.570, b = 11.450 and c = 6.947. The similarities in
the c axis versus the b axis of KZrF5.H2O can be seen; this is due to the similar chain-like
building units (Figure 6.34). Since KZrF5.H2O has a polar space group it could be tested for
SHG* and ferroelectric properties.
(a) (b)
Figure 6.36:- Crystal Structure of (a) KZrF5.H2O and (b) K2ZrF6 18
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6.08. Solvothermal Synthesis and Crystal Structure of [C4H12N2][ZrF6]
6.08.1. Introduction
In section 6.07, a novel zirconium fluoride was reported as an initiation towards novel
architectures for complex materials. These materials make a foundation for developing novel
luminescent hybrid materials. In this section, a novel phase of organically templated
zirconium fluoride containing octahedral ZrF6 moieties is discussed.
6.08.2 Synthesis
[C4H12N2][ZrF6] was synthesised by solvothermal reaction. The starting materials were
zirconium (IV) oxide (ZrO2, 99.99%, Aldrich), hydrofluoric acid [HF(aq), 48% wt, Aldrich],
piperazine (C4H10N2, 99.5%, Aldrich), ethylene glycol (OHCH2CH2OH, 99%, Alfa-Aesar),
and distilled water.
ZrO2 (0.1232 g, 1.0 mmol) was placed in a polypropylene bottle with 1.00 ml (50 mmol) HF
and 5.0 ml H2O. This was heated at 100 ˚C for half an hour, and then the contents were
transferred into a Teflon-lined stainless steel autoclave, with addition of 0.4307 g (5.0 mmol)
of piperazine and 5 ml (100 mmol) ethylene glycol. The autoclave was heated at 190 ˚C for
one day. The product was filtered, washed with distilled water and dried at room temperature
to give colourless crystals. Elemental analysis for [C4H12N2][ZrF6] obs. (calc.): C: 17.16%
(16.36%), H: 4.80% (4.12%), N: 9.29% (9.55%).
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6.08.3. Crystal Structure
The single crystal data of [C4H12N2][ZrF6] is summarised with the experimental parameters as
follows (Table 6.25).
Formula [C4H12N2][ZrF6]
Fw 293.36
Space Group P -1(Triclinic)
a [Å] 5.925 (3)
b [Å] 6.133 (3)
c [Å] 6.525 (5)
V [Å3] 227.28 (18)
 101.267(8)
 90.995(12)
 101.693(16)
Z 1
T/K 113(2)
calc [g cm-3] 2.143
μ [mm-1] 1.264
Crystal Size [mm] 0.20 x 0.15 x 0.05
F(000) 144
Reflns Collected 1470
Independent Reflns 834
Rint 0.0198
Obsd Data [I>2σ(I)] 832
Data/Restraints/Parameters 834/0/61
GOF on F2 1.109
R1, wR2 (I>2 σ(I)) 0.0184, 0.0481
R1, wR2 (all data) 0.0184, 0.0481
Table 6.25:- Crystallograpic Data for [C4H12N2][ZrF6]
The building unit of [C4H12N2][ZrF6] consists of a single octahedral Zr crystallographic site
with inversion symmetry, which is coordinated to three different F atoms (Table 6.26 and
Table 6.27). Figure 6.37 shows the building unit of [C4H12N2][ZrF6], which includes
[C4H12N2]2+ cations.
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Figure 6.37:- Building Unit of [C4H12N2][ZrF6]
There are no direct covalent links between these isolated Zr(1) sites, but the organic cations
[C4H12N2]2+ form hydrogen bonding interactions via N―H…F (Figure 6.38).
Atom Site x y z Uiso/Ueq / Å2
Zr (1) 1a 0.0000 0.0000 0.0000 0.00606(11)
F(1) 2i 0.0532(2) 0.2680(2) 0.24307(19) 0.0146(3)
F(2) 2i 0.3075(2) 0.1287(2) -0.10096(19) 0.0156(3)
F(3) 2i 0.1544(2) -0.1701(2) 0.1709(2) 0.0172(3)
N(1) 2i -0.5547(3) 0.5936(3) 0.3252(3) 0.0090(3)
C(1) 2i -0.4203(4) 0.2876(3) 0.4564(3) 0.0101(4)
C(2) 2i -0.3695(4) 0.4583(3) 0.3155(3) 0.0105(4)
Table 6.26:- Final Refined Atomic Parameters for [C4H12N2][ZrF6]
Bond Distance/Å
Zr1 - F1 x 2 2.0175(14)
Zr1 - F2 x 2 2.0094(14)
Zr1 - F3 x 2 1.9933(13)
N1 - C1 x 2 1.493(3)
N1 - C2 x 2 1.499(3)
C1 - C2 x 2 1.513(3)
Table 6.27:- Bond Lengths of [C4H12N2][ZrF6]
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Figure 6.38:- Organic Cation, [C4H12N2]2+, is Hydrogen Bonded to ZrF6 Moieties in
[C4H12N2][ZrF6]
Figure 6.39:- Crystal Structure of [C4H12N2][ZrF6], viewed down the c axis,
6.08.4. Discussion
The crystal structures of several hybrid zirconium fluorides have been developed previously,
for example, [C2H10N2][Zr2F10].H2O19, [(C2H4NH3)3NH][Zr3F16(H2O)]20,
[(C2H4NH3)3N]2[ZrF6][Zr2F12]20, [CH6N3]4[Zr2F12]21, and [CH8N4]4[Zr4F24].4H2O22. The
crystal structure of a closely related composition, [C4H12N2][ZrF6].H2O19 has been previously
reported by Albrecht-Schmitt et. al 19. When compared to our novel phase the hydrated phase
is reported in monoclinic C 2/m space group [a = 12.190(5), b = 12.732(6), c = 6.356(2)] and
is composed of chains constructed from dodecahedral [ZrF8] units (Figure 6.40) that share
opposite edges with neighbouring polyhedra. These chains extend along the c axis and are
separated by piperazinium dications and water molecules.
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Figure 6.40:- Crystal structure of (a) [C4H12N2][ZrF6].H2O 19 and (b) [C4H12N2][ZrF6]
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7.0. General Summary, Conclusion and Further Work
7.01. General Summary and Conclusion
As an ultimate target of research, the exploration of novel inorganic-organic hybrid systems
towards new luminescent materials by developing lanthanide fluoride systems under
subcritical solvothermal conditions and using organic templating agents to direct the
formation of a wider range of framework topologies and lanthanide environments has been
achieved.
The research area lies in the synthesis of novel phases, their chemical and structural
characterization, and the study of their luminescent properties. We have focused on three
main areas of research: hybrid inorganic-organic framework structures, hybrid luminescent
materials and potential luminescent materials1-2.
Organically templated lanthanide doped yttrium fluorides have been studied as our initial
exploration of lanthanide luminescence materials. The compounds [C2N2H10]0.5 [Ln2F7] (Ln=
Nd, Tb, Dy, Ho, Er, Yb and Lu), have been synthesised and characterised. Sub-critical
solvothermal reaction conditions together with HF as a mineralising agent have been utilized
for synthesising these three-dimensional lanthanide fluoride frameworks which contains two
crystallographically distinct lanthanide sites1. Developing these hybrid compounds towards
luminescent materials, photoluminescence (PL) studies of [C2N2H10]0.5[Y2F7]: Ln3+ (Ln3+ =
Gd3+, Eu3+ and Tb3+) have been explored. Doping of variable amounts of Gd3+, Eu3+ and Tb3+
into the host [C2N2H10]0.5[Y2F7] leads to materials exhibiting characteristic UV, red and green
emission, respectively. Photoluminescence emission spectra of Eu3+ doped [C2N2H10]0.5[Y2F7]
shows dominant peaks at 590 nm and 615 nm, which correspond to the transitions 5D0 → 7F1
and 5D0 → 7F2. The asymmetry ratio R = I590/I615 reflects the symmetry of the Eu3+ site and
the 5D0 → 7F0 transition shows no clear peak. Therefore, both yttrium sites could to be
substituted by Eu3+ and PL spectroscopy cannot distinguish the two Y sites.
Cathadoluminescence (CL) and radioluminescence (RL) experiments have also been carried
out for Gd3+ doped [C2N2H10]0.5[Y2F7]. CL shows a similar characteristic transition as PL
which has the main dominant emission peak at 314 nm, but the RL spectrum shows some
deviation from the PL and CL spectra, exhibiting a doublet around 314 nm and 317 nm. This
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may indicate that there is another Gd phase in the bulk material which is absent in the surface
of the compound or RL mechanism leads to an energy transfer between two Gd sites1.
A new inorganic-organic hybrid material of indium fluoride and its scandium fluoride
analogue, [C4H14N2][MF5](M=In and Sc) has been synthesised 2. The crystal structure
consists of infinite trans vertex sharing (MF5)∞ chains running parallel to the c-axis, which are
linked via H-bonded organic moieties. The scandium and fluorine local environments of
[C4H14N2][ScF5] was characterised by 19F and 45Sc solid-state MAS NMR spectroscopies and
a single type of scandium site within the unit cell has been identified. 19F MAS NMR clearly
shows a differentiation between bridging and terminal fluorine.
The photoluminescence properties of lanthanide doped and co-doped materials,
[C4H14N2][In1-xLnxF5] (Ln=Tb and/or Eu), have been explored. For the Eu3+ doped material
single transition of 5D0 → 7F0 and “asymmetry ratio” of R = I590/I615 (5D0 → 7F2 and 5D0 → 
7F1) gives a clear picture of the sensitivity for crystal field effects of the compound. Stark
splitting of the 5D0 → 7FJ transitions show (2J + 1) lines for 222 site symmetry which reveals
that Eu3+ ions are accommodated at the In sites. Tb3+ doped [C4H14N2][InF5] shows strong
down-conversion fluorescence corresponding to the 5D4 → 7F5 green transition at 543.5 nm.
Lanthanide co-doped (Tb3+/Eu3+) [C4H14N2][InF5] has been studied to understand the energy
transition mechanism within the host crystal structure, [C4H14N2][InF5], and sensitiser and/or
activator (Tb3+/Eu3+). Co-doped materials show enhanced emission of Eu3+ in the host with
increasing amount of Tb3+. Therefore, co-doped materials, (Tb3+/Eu3+) [C4H14N2][InF5],
reveal that Tb3+ acts as a sensitiser for Eu3+ 2.
Development of novel crystal structures with unique architectures is the preliminary stage
towards exploration of new luminescent properties. Exploration of novel trivalent fluoride
crystal structures may lead not only to the enhancement of luminescent properties but also to
electric properties and optical properties. Therefore, apart from lanthanides, scandium, and
yttrium, aluminium, indium, and zirconium fluorides have also been explored.
As an initial exploration, the chiolite-like K5In3F14 compound (space group P4/mnc) has been
synthesised. Single crystal X-ray diffraction data were collected at low temperature (113K)
and room temperature (293 K) to evaluate a possible phase transition which can generally
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exist in chiolite-like structures. In K5In3F14 no phase transition is observed over the
temperature range 113K< T< 293 K.
In the case of hybrid indium fluoride materials, [NH4]3[C6H21N4]2[In4F21] is reported as the
first metal fluoride consisting of trimeric units ([In3F15]3-) 3-4. The structural architecture of
two different indium sites existing in two different layers may act as a significant feature for
exploration of potential intrinsic luminescence and to evaluate the energy transfer mechanism
of luminescence. Further development of indium fluorides has been pursued and a novel
phase, -[NH4]3[InF6], has been reported 5.
Many Al3+ hybrid materials have been reported as potential luminescent host materials. Apart
from Eu3+ and Tb3+, Eu2+ plays a vital role in luminescent materials as a blue emitter, but
synthesis of Eu2+ materials has not been successful 6. The ionic radius of Eu2+ (1.25Å) is
similar to that of Sr2+ (1.26 Å) 7, so compounds containing Al3+ and Sr2+ are of created.
Therefore, Sr[N2C2H10]2[Al2F12].H2O has been synthesised. During this exploration of Al3+
materials, a novel phase of - [C2H10N2][AlF5(H2O)] has also been reported8.
Exploration of zirconium fluorides has been targeted as another source of potential
luminescent host materials with novel structural architectures. The crystal structure of a new
phase, KZrF5.H2O has been reported. This contains pentagonal-bipyramidal geometry of Zr4+
with polar space group Pb21m(Orthorhombic) which may have potential ferroelectric
properties. A novel phase of [C4H12N2][ZrF6] has also been synthesised as foundation step for
further exploration of Zr4+ hybrid materials.
7.02. Further Work
A new family of organically templated lanthanide fluorides, [C2N2H10]0.5[Ln2F7] is considered
as a preliminary step for developing novel inorganic-organic lanthanide fluoride hybrid
materials. According to the luminescent experiments (PL, CL and RL) as well as
thermoluminescence, the reaction mechanism of energy transferring, energy distribution and
energy storage can be assigned. Therefore, further luminescence experiments can be
performed to explore more details regarding relationships between luminescence and crystal
architecture.
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Furthermore, an organically templated yttrium fluoride with a ‘Super-Diamond’ structure 9,
[C3N2H12]0.5[Y3F10], could be explored as a luminescent material by doping lanthanides which
may lead to a better understanding of energy transitions and the luminescent mechanism.
According to the section 6.01, the complete crystal structure of [NH4][Y2F7] needs to be
determined using the crystal structure model of KEr2F7 (PDF No.01-086-2454) 10. Following
the development of the crystal structure, further luminescent studies can be carried out on
lanthanide-doped derivatives.
Further novel indium, zirconium and aluminium fluoride phases (Chapter Six) can be
pursued to evaluate their potential as efficient luminescent host materials.
Some of the novel materials, such as KZrF5.H2O (section 6.07), show a polar space group
with novel architecture which should be tested for SHG and ferroelectric properties.
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